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PREFACE 

The  intention  of  the  authors  in  the  preparation  of  this  book 
has  been  to  present  in  as  simple  terms  as  possible  the  fundamental 
and  theoretical  principles  relating  to  the  internal  combustion 
engine,  and  to  describe  the  various  methods  of  applying  these 
principles  to  practical  construction.  The  book  does  not  in  any 
way  treat  of  the  proportioning  and  the  strength  of  the  various 
machine  parts. 

The  general  treatment  of  the  subject  is  indicated  by  the 
various  chapter  headings.  Thus  the  first  five  chapters  relate  to 
definitions  and  theoretical  considerations,  the  subjects  being 
as  follows; 

CHAPTER      I.  DEFINITIONS  AND  CLASSIFICATION. 

CHAPTER    II.  THERMODYNAMIC  PRINCIPLES. 

CHAPTER  III.  THEORETICAL  DISCUSSION  OF  VARIOUS  CYCLES. 

CHAPTER  IV.  THEORETICAL  CYCLES  MODIFIED  BY  PRACTICE. 

CHAPTER     V.  THE  TEMPERATURE-ENTROPY  DIAGRAM. 

In  the  discussion  on  theoretical  cycles  in  Chapter  III,  very 
little  reference  has  been  made  to  cycles  not  in  actual  use.  The 
cycles  are  considered  principally  with  reference  to  their  practical 
application  and  any  danger  of  confusing  the  mind  of  the  student 
by  a  multiplicity  of  theoretical  cycles  of  no  practical  value  is 
avoided.  The  main  idea  of  Chapter  IV  is  to  show  how  the  lines 
of  the  real  cycles  differ  from  those  of  the  theoretical  cycles  laid 
down  in  the  previous  chapter,  and  to  discuss  briefly  the  reasons 
for  such  difference. 

The  five  chapters  following,  VI  to  X  inclusive,  take  up  the 
phenomena  of  combustion,  the  various  gas-engine  fuels,  and  the 
formation  and  properties  of  the  fuel  mixture.  Thus,  Chapter  VI 
treats  of  combustion  in  general  and  discusses  the  most  important 
properties  of  the  gases  usually  found  in  gas-engine  practice. 
Tables  are  given  embodying  the  important  constants  for  many  of 
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these  ga^Sj  and  the  chapter  ends  with  some  type  computatioiLs 
on  fuel  mixture  and  exhaust  gas  constants  which  may  serve  a^  a 
guide  for  similar  \\'ork  by  the  student. 

The  question  of  ga^s-engine  fuels  is  treated  in  the  next  three 
chapteiB  by  dividing  all  the  fuels  into  three  classes:  the  solid,  the 
liquid  and  the  gas  fuels.  Chapters  VII  and  VIII  take  up  the 
first  two  of  these  classes.  Broadly  speak ing*  neither  cla.ss  of 
fuel  is  directly  available  for  gas-engine  work,  hence  it  was  thought 
desirable  to  show  in  these  chapters  also  the  means  by  which  these 
fuels  are  rendered  available.  Accordingly,  Chapter  VII  discusses 
producer  gas  and  describes  the  constniction  and  operation  of 
the  most  important  types  of  produce i^.  while  Chapter  VIII  con- 
sists largely  of  a  description  of  the  various  v a jxi rinsing  devices 
used  for  crude  oil^  gasoline,  kerosene,  and  alcohoL  The  latter 
fuel,  recognizing  its  growing  imptjrtanee,  has  t>een  treat^ed  in 
some  detaih  Chapter  IX  relates  to  industrial  gases,  pointing 
out  briefly  the  method  of  their  manufacture  and  giving  the  most 
important  gas  constantxS. 

In  Chapter  X,  after  discussing  the  fuel  mixture  and  its  most 
important  prfjperties,  an  attempt  has  been  made  to  collaborate 
the  most  important  experiments  on  the  variation  of  the  specific 
heat  of  the  fuel  gases  with  a  view  to  ascertaining  the  present 
state  of  our  knowledge  on  this  point. 

Chapter  XI  gives  a  brief  outline  of  the  historical  de^-elopment 
of  the  gas  engine,  the  various  types  being  described  only  where 
they  are  of  importance  in  connection  with  the  development  of 
modem  forms.  This  is  followed  in  Chapter  XII  by  an  extended 
description  of  the  most  important  forms  of  internal  combustion 
engines  found  in  the  market  at  the  present  time.  The  aim  of 
this  chapter  has  been  not  only  to  show  how  the  various  manu- 
facturers have  solved  what  is  fundamentally  the  same  problem, 
but  also  to  familiarize  the  student,  by  means  of  a  large  number  of 
illustrations,  with  the  main  constructive  fea tunes  of  the  gas 
engines  at  the  disposal  of  the  man  requiring  power. 

Two  of  the  important  problems  connected  with  the  gas  engine 
are  the  questions  of  ignition  and  of  governing.  The  former  is 
taken  np  in  detail  in  ('hapter  XIII.  This  chapter,  after  mention- 
ing briefly  other  methoLLs  of  ignition,  concerns  itself  mainly  with 
ignition  by  electric  spark,  ws  Ijeing  the  most  important  method 
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wmi  to-day.  The  chapter  also  takes  up  briefly  two  other  gaa- 
engine  auxiliaries:  mufflers  and  starting  apparatus. 

Chapter  XIV  treats  the  governing  problem  by  diBcussing  first 
ibe  principles  of  the  various  systems  of  governing  employed,  and 
ftfteni'ard  showa  the  mechanical  details  of  the  governors  used. 
It  is  beyond  the  scope  of  this  book,  however,  to  treat  of  the  prin- 
ciples of  go%'ernor  design* 

Chapter  XIV  discusses  various  methods  in  use  for  determining 
the  necessary  cylinder  dimensions  of  a  gas  engine  Uy  develop  a 
eert.atn  given  power,  or  conversely,  to  determine  the  probable 
power  for  a  given  engine.  The  most  reliable  of  tlieBe  methods 
appears  to  l>e  based  upon  the  necessary  charge  volume  for  the 
given  power.  This  method,  the  authors  believe,  was  originally 
due  to  Giildner,  and  was  adapted  from  that  author's  hand-book 
**  Entwerfen  tind  Rerechnen  der  Verbrenmingsmotoren/' 

For  the  determination  of  the  power  of  automobile  engines, 
two  additional  semi-empirical  formulae  are  given,  and  the  results 
of  the  computations  by  the  various  methods  are  compared  by 
means  of  a  type  example. 

The  remaining  three  chapters  of  the  book  treat  of  what  might 
be  called  the  economic  ^de  of  the  int-crnal  combustion  engine* 

Chapter  XVI  takers  up  the  methods  used  in  the  testing  of  gas 
engines.  The  ndes  followed  in  this  coimtry  will  be  of  course 
the  code  laid  down  by  the  American  Society  of  Mechanical  Engi- 
neers. The  (*ode  of  the  German  Society  of  Engineers^  however, 
ifl  appended,  because  it  gives  additional  information  upon  some 
of  the  fxnntH  involved  and  because  it  treats  in  greater  detail  of 
gas  producers* 

The  results  of  tests  on  engines  and  producers  are  discussed  in 
Chapter  XVII.  The  various  factors  affecting  economy  are  taken 
up  in  somewhat  greater  detail  than  has  been  done  in  any  of  the 
previous  chapters.  Tables  are  given  showing  the  resiilts  of 
nuroerous  tests  and  tliese  should  prove  valuable  in  furnishing  a 
guide  as  to  what  may  be  expected  of  other  installations  in  the 
matter  of  fuel  economy. 

Finally,  while  Chapter  XVII  treats  only  of  the  question  of 
fuel  economy,  Chapter  XVIII  takes  up  the  entire  financial  problem 
relating  to  the  gas  engine*  It  shows  in  briefs  as  far  jis  the  infor- 
tnation  is  available^  the  probable  capital  cost  of  the  installation, 
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the  cost  of  erection,  the  operating  expenses,  etc.  It  is  shown 
most  strongly  that  the  question  of  fuel  cost  is  not  always  the  im- 
portant item  of  the  problem,  a  point  which  is  often  lost  sight  of  in 
discussions  regarding  the  comparative  merits  of  various  prime 
movers.  It  must  be  confessed  that  reliable  information  regard- 
ing some  of  the  factors  in  this  financial  problem  is  still  ver}-  scarce, 
owing,  of  course,  directly  to  the  comparative  youth  of  the  gas 
engine.  It  should  also  be  pointed  out  that  many  so-called  com- 
parisons between  various  prime  movers,  as  between  steam  and 
gas,  are  often  based  upon  hypothetical  assumptions  that  fit  only 
the  particular  case  under  discussion,  and  any  generalization  of 
the  results  obtained  often  leads  to  serious  misrepresentation. 

The  book  is  of  course  largely  compiled  from  different  sources 
ahd  is  in  the  main  an  outgrowth  of  a  course  of  lectures  on  the 
internal  combustion  engine  delivered  to  students  of  Sibley  College 
for  the  past  three  years.  Acknowledgments  are  due  to  numerous 
writers  upon  the  subject  for  the  facts  and  statements  presented. 
The  acknowledgments  have  generally  been  made  in  the  lx)dy  of 
the  book,  but  the  authors  desire  to  extend  herewith  special 
acknowledgment  to  the  following  European  authorities:  Messrs. 
H.  Giildner,  Dugald  Clerk,  Brj'an  Donkin,  and  Aim6  Witz,  and  to 
Professor  C.  E.  Lucke  of  Columbia  University  and  Mr.  F.  E. 
Junge  of  New  York. 

Thanks  are  also  due  to  various  manufacturers  for  kindly  fur- 
nishing the  text  and  illustrations  of  Chapter  XII. 

Ithaca,  N.  Y., 
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CHAPTER  I 


INTRODUCTION^  DEFINITIONS,  CLASSIFICATION,  AND  FORM  OP 
INTERNAL  COMBUSTION  ENGINES,  INDICATED  AND  BRAKE 
HORdE- POWER 

1.  Hechanical  Work.  —  Work  is  done  when  resistance  is 
overcome;  it  ijs  measure*:!  by  the  product  of  the  resisting  force 
and  the  distance  through  which  that  force  is  moved.  If  one 
pound  is  lifted  one  foot  high  in  opposition  to  the  force  of  gravity, 
a  quantity  of  work,  measured  by  the  product  of  one  pound  by 
one  foot,  is  performed,  which  quantity  is  known  as  a  fool- pound j 
and  IS  the  unit  of  measurement  for  mechanical  work  in  countries 
where  the  pound  is  a  unit  of  weight  and  the  foot  a  unit  of  dis- 
tance. If  20  pounds  are  lifted  15  feet  the  work  performed  would 
be  similarly  20  X  15  foot-pounds  =  300  foot-pounds. 

In  rountries  where  the  metric  system  is  used  mechanical 
work  is  measured  by  the  product  of  the  resLsting  force  in  kllo- 
^^m3  (2.2046  pounds)  multiplied  by  the  distance  in  meters 
(3J2SOS  feet);  the  product  is  expressed  in  kilogrammeters  (7.233 
foot-pininds). 

The  foot*pound  or  kilogmmnxeter  is  a  gravity  measure  which 
depends  on  the  intensity  of  the  force  of  gravity  at  the  place, 
and  varies  with  that  force.  The  variation  is,  however,  so  slight 
for  different  positions  on  the  earth's  surface  that  for  all  practical 
engineering  work  no  sensible  error  is  produced  by  considering 
it  a  constant  quantity. 

The  unit  of  measitreraent  usually  employed  by  engineers  for 
expressing  the  raU  of  work^  or  the  quantity  of  work  done  in  a 
given  time  as  one  second  or  one  minute,  is  the  horse-power t 
which  has  been  arbitrarily  defined  as  equivalent  to  550  foot- 
pounds per  second  or  33,mK)  foot -pounds  per  minute.  This 
quantity  is  considerably  greater  than  the  power  a  horse  can 
exert,  at  least  for  any  considerable  length  of  time;  it  was  first 
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pressure  exerted,  p,  multiplied  by  the  change  of  volume.     That 
is,  in  general, 

W  =r'pdv  '  (3) 

W  =^  p  (v'  —  v) 

In  the  operation  of  an  engine,  the  working  fluid  expands  and 
contracts  as  the  piston  moves  f onward  and  backward,  and  in  one 
or  more  revolutions  returns  to  its  initial  condition,  so  far  as 
pressure,  volume  and  temperature  are  concerned,  and  then 
passes  through  the  same  stages  of  expansion  and  contraction  as 
before.  The  period  through  which  these  changes  take  place  is 
termed  a  cycle. 

The  work  performed  in  a  cycle  would  be  equal  to  the  mean 
pressure,  p,  exerted,  multiplied  by  the  total  volume,  v',  swept 
through;  that  is 

W  =  pv\  (4) 

Mechanical  work  can  be  represented  by  a  diagram  in  which 
the  pressure  exerted  or  resistance  overcome,  p,  is  represented  by 
the  ordinates,  and  the  volume  v  by  the  abscissa.  Such  a  diagram 
is  called  a  pressure-volume  diagram;  its  area  is  equal  to   fpdv, 

and  is  proportional  to  the  work  performed. 

Thus  in  Fig.  1-1,  if  the  distances  parallel  to  OY  represent 
the  pressure  at  any  given  point,  and  the  distances  parallel  to  OX 
the  corresponding  volume,  then  will  the  total  w^ork  done  in  chang- 
ing from  the  highest  to  the  lowest  pressure  and  from  least  to 
greatest  volume  be  represented  by  the  area  of  the  figure  ab  d  e  f, 

2.  Heat.  —  Heat  is  a  peculiar  form  of  energy;  it  may  be 
generated  by  the  application  of  mechanical  work,  the  amount  so 
produced  being  exactly  proportional  to  the  mechanical  energy 
which  disappears.  Conversely,  mechanical  work  may  be  done 
by  the  action  of  heat,  and  for  every  foot-pound  of  work  so  done 
a  definite  amount  of  heat  is  put  out  of  existence.  Heat  is  also 
produced  by  a  form  of  chemical  action  known  as  combustion, 
during  which  operation  fuels  are  burned. 

3.  Temperature.  —  The  temperature  of  a  body  is  defined 
by  Maxwell*  as  "its  thermal  state  with  reference  to  its  power  of 
communicating  heat  to  other  bodies.*' 

♦Theory  of  Heat. 
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A  body  transmitting  heat  to  another  is  at  a  higher  tempera- 
ture and  is  said  to  be  hotter;  conversely,  one  receiving  heat  is  at 
a  lower  temperature  and  is  said  to  be  colder. 

Heat  flows  from  a  hotter  to  a  colder  body,  but  not  conversely, 
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Fig.  1-1.  —  Pressure-volume  or  Work  Diagram. 

and  the  rate  of  flow  increases  with  the  difference  of  temperature, 
although  probably  not  exactly  in  the  same  ratio.  The  difference 
of  temperature  thus  causes  a  flow  of  heat  in  a  manner  somewhat 
smiliar  to  that  caused  by  a  difference  of  pressure  in  the  case  of 
water. 

The  terms  hotter  and  colder  are  relative  ones  commonly  applied 
to  distinguish  substances  having  relatively  a  higher  or  lower 
temperature.  It  should  be  noted  that  temperature  is  that 
property  of  heat  which  refers  to  its  intensity  or  transmission 
power  also,  that  heat  energy  may  exist  at  different  tempera- 
tures, and,  furthermore,  in  one  condition  may  be  much  colder 
than  in  another. 
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The  following  scales  of  teinpemtures  are  in  commoa  use  in 
which  the  temperatures,  of  freezing  and  boiling  water  under  a 
barometric  pressure  of  29.92  inches  are  taken  as  points  of 
reference. 

The  Centigrade  scale  was  introduced  by  Celsius,  prtjfessor  of 
istmnomy  in  the  University  of  Upsala  about  1742;  in  it  tiie  freez- 
ing-fx>iiit  is  marked  0  degrees  and  called  zero,  and  the  boiling- 
point  is  marketi  100  degrees.  The  simplicity  of  dividing  the 
distance  between  the  piiints  of  reference  into  100  parts  and  call- 
ing each  of  them  a  degree  has  caused  it  to  be  generally  adopted 
along  with  the  Metric  System  for  scientific  use,  esj^ecially  on  the 
Continent  of  Europe.  The  other  scales  are  calle^.1  by  the  names 
of  tho^e  who  introduced  them. 

Fahrenheit  of  Dantzig,  about  1714,  iutrrxiuced  a  thermometer 
scale  in  which  the  freezing-point  was  marked  32  degrees  and  the 
boiling-point  212  degrees,  the  space  between  the  reference  points 
being  divided  into  180  equal  parts  called  degrees,  and  the 
graduation  extendetl  above  ami  belovir  the  jwints  of  reference. 
A  point  32  degrees  below  freezing  was  called  zero.  Despite  the 
inconvenience  of  the  scale  of  the  Fahrenheit  thermometer  it  is 
in  general  use  by  English-si>eakiiig  i>eop)e  for  commercial  and 
business  purposes,  and  for  that  reason  will  be  used  principally  in 
this  treatise. 

Reaumur  introduced  a  thermometer  scale  about  1730  in 
which  the  freezing-point  m  marked  0  degrees  and  the  boiling- 
point  80  degrees,  which  is  used  to  some  extent  on  the  Continent  of 
Europe  for  medical  purposes* 

The  following  table  gives  the  comparative  value  of  the  three 
1 1  ler  nio  met  ric  sea  I  es : 

THEaMOMETRIC  SCALEB 


Fatarenticic 


CcDllgT^cTe 


Rfaiimiir 


Degrees  ^«twecn  freezing  and  lioilin^ 
Aammed  teiri|jeratures at  f pet*xing-piiiiit 
AMUtticd  U^mtxTiitiires  ni  Ixji ling-point 
(Tompamtivo  Ji^ngth  of  a  degree. \ . .  . , 
rVimparativt*  JeiijLi^th  of  ii  degroe. . . .  . , 
To  transfonTj  into  £i)>8o]ute  tempera- 
ture add  .,..-.., 


4G0* 


273^ 


218° 
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4.  Absolute  Temperature  is  an  expression  for  the  value 
of  temperature  iriea.-urefJ  fmni  an  ideal  point  called  the  absoluU 
zero,  which  is  assunifnl  to  l>e  tlie  lowest  possible  point  on  any 
Fcale  of  temperature.  The  position  of  the  absolute  aero  ean  be 
calculaterJ  by  the  law  of  expan^^ion  of  a  perfect  gas,  which  is 
expressed  by  the  .simj>le  equation 

?'=ft  (5) 

in  whirh  p  =  the  pressure,  r  =  the  volume  of  a  given  mass  of 
j^as,  T  =  the  absolute  temix^rature.  and  /?  =  a  constant  which 
vari^js  only  witli  the  difTerent  kinds  of  gas.  This  equation  can 
Ui  forisiderr^l  as  tlie  cha  raft  eristic  etjuation  of  a  permanent  gas, 
from  whj'-h  7'  tan  be  r-cimpute<I  if  p,  r.  and  i?  are  known,  which  is 
the  case  with  most  of  the  ^ases. 

It  is  evident  that  the  value  of  one  degree  of  al>soIute  tempera- 
lure  '-an  U;  taken  at  phrasure  as  equal  either  to  that  on  the  Cen- 
Ijfrrade  or  FahreiihtMt   sr*ale. 

The  (rxa^t  location  of  tie  jxisition  of  absolute  zero  is  some- 
what in  doubt  since  it  is  determineil  by  the  relative  expansion 
of  air,  nitro;rcn,  or  hyrlrojren  under  a  constant  pressure;  these 
gasr-s  arc  not  ix.-rfcft  gases  and  the  expansion  in  volume  per 
degree  of  increase  in  tenifx^rature  may  nut  be  exactly  the  same 
as  for  a  gas  whi'-h  could  not  be  li(iuefiod  for  any  conditions  of 
pHfssurf;  or  temfx.'raturc.  Preston  in  his  work  on  the  Theory  of 
Heat  states  that  the  most  trustworthy  observations  indicate  that 
the  abs(;lute  temjxfraturo  of  fr(»ezing  water  is  273.14  Centigrade, 
whiyh  would  corres[K)nd  ti>  401.05  Fahrenheit.  It  is  sufficiently 
near  for  all  jjractical  purjioses  to  consider  the  temperature  of 
freezing  water  on  the  al»solut(j  scale  as  273  degrees  Centigrade  or 
402  degrees  Fahrenheit,  and  these  numbers  will  be  used  in  this 
treatise  in  re<lucing  to  the  absolute  scale. 

From  this  it  is  seen  that  to  reduce  to  th;C  absolute  scale  it  is 
necessary  to  add  to  the  temjKjrature,  if  expressed  in  degrees, 
Fahrenheit  400,  or  if  in  degrees  Cent  ignide  273. 

5.  Thermometers. —  Instniments  for  measuring  temperature 
are  called  ThcrmoirKtcrH. 

The  expansion  of  a  gaseous,  liquid  or  solid  body  under  con- 
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nt    pressure   is   almost,   if  not  exactly,  pmportiDnal  to  the 
increase  of  temperature,  estimated  from  absolute  zero. 

In  the  thermometer  in  common  use  the  tempera- 
ture is  measured  by  the  expansion  of  mercury,  con- 
fined in  a  gla.ss  tube,  from  which  the  air  has  been 
exhausted.  Such  a  thermometer  is  quite  satisfactory 
within  the  range  of  temperature  through  which  mer- 
cury will  remain  liquid.  In  the  better  grades  of  mer- 
curial thermometeTS  the  graduations  are  cut  with 
extreme  care  directly  on  the  stem.  The  glass  is  care- 
fully selected  and  is  permitted  to  season  or  age  until 
molecular  changes  have  stopped  before 
graduation.  The  general  appearance  of 
such  thermometers  is  shown  in  Fig,  1-2, 
When  thermometers  are  likely  to  be 
used  in  tenif^eratures  which  would  send 
the  mercury  column  above  the  limits  of 
the  graduations,  it  is  desirable  to  have 
an  extra  bulb,  called  a  snfety-bulh,  at  the 
top.  to  prevent  breaking  from  overheat- 
ing. Mercurial  thermometers  can  be  used 
from  a  temperature  about  4()  degree 
below  zero  to  600  degree?!  above  zero 
Fahrenheit,  By  filling  the  space  above 
the  mercury  with  some  neutral  gas  as 
N  or  CO3  under  pressure  the  upper  limit 
may  lie  rai8ed  some  hundred  degrees; 
but  as  the  melting-point  of  glass  is  low,  ^^^*^'- 
the  u p pe r  li m it  ran  sea rcely  e ver ex ceed 
K(XJ  degrees  to  ODO  degrees  Fahrenheit. 
Metallic  Thermometehs  in  wliich 
the  expansion  of  a  metal,  (>r  the  difference  in  expan- 
sion of  metals  of  two  different  kinds,  Ls  multiplied 
by  a  system  nf  levers  so  as  to  move  a  hand  over  a  dial  are  fre- 
(juently  used  for  the  measurement  of  temperature.  8ueh  ther- 
mometers are  sometimes  called  pifrometers.  An  illustration  of 
mich  a  thermometer  is  shown  in  Fig.  1-3. 

The  metaHic  thermometer  can  be  used  for  temperatures  not 
ex  reeding  1200  dq!;rees  to  1500  degrees  Fahrenheit,  but  it  is  sel- 


Fiu,    1-3.— 
MetalHc 
Pyrometur, 


-2  — 

Mercurial 
Thermoni' 
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dom  an  instniment  of  acciimey  and  is  extremely  liable  to  aeci 
dent.  The  scale  of  these  iastmments  should  be  frequently  com- 
pared with  the  boiling-point,  and  adjusted  if  not  found  correct. 
It  has  already  been  shown  that  air  or  permanent  gases  like 
nitrogen  and  hydrogen  when  under  a  constant  pressure  will  ex 
pand  in  volume  in  proportion  to  the  absolute  temperature,  o; 
when  confined  so  as  to  have  a  constant  volume  will  increase 
pressure  in  proportion  to  the  absolute  temperature* 

It  follows  from  this  that  if  air  be  maintained  at  a  constant 
volume  and  liejited,  its  aljsolute  pressure  will  increase  with  the 
absolute  temperature,  or  ince  versa,  if  it  be  nmintained  at  con- 
stant pressure,  its  volume  will  vary  with  ateolute  temperature. 

The  air  thermometer  constructed  in  accordance  with  either 
principle  is  used  as  a  standartl  way  of  measuring  temperature, 
but  because  of  the  extreme  difficulty  of  maintaining  constant 
pressures  or  constant  volumes  it  is  an  awkward  instniment  to 
use  and  is  employed  very  little  in  the  ordinary  measurement  of 
temperature.  The  Jolly  form  of  constant  volume  air  thermom- 
eter is  shown  in  Fig.  1-4.  The  leg 
C  F  has  a  flexible  connection  at  the 
bottom  and  may  be  raised  to  maintain 
a  constant  volume  of  air  from  the  bulb 
L  to  the  line  A  B.  The  increase  of 
pressure  is  m^isured  by  a  scale  attached 
toCa 

EleCTHICAL      THEBMOMETERa  — 

Temperature  may  be  measured  by  elee- 
trieal  thermometers^  of  which  there  are 
two  classes.  In  one  class  a  conducting 
circuit  is  formed  of  two  different  metals, 
such  a  const  met  ion  being  frequently 
termed  a  thermo-eletneni,  a  niiml>er  of 
these  connected  together  is  known  as: 
a  therm&pile.  In  this  construction  an  electro-motive  force  is  pro- 
duced which  is  proportional  to  the  difference  of  temperature  of 
the  junctions  and  may  be  measured  by  a  sensitive  galvanometer. 
If  one  of  the  junctions  l^e  maintained  at  a  constant  or  known 
temperature,  the  temjDerature  of  the  other  may  be  computed 
from  the  reading  of  the  galvanometer.     For  the  measurement  of 
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Fig.  1-4.  — Jolly  Air  Ther- 

moiiiGt«er< 


Flo.  1-5.  —  The  Lt<-hut tiller's  Electrical  l^rometcr 

it  eoriBisls  of  a  galvanometer  connect etl  to  a  thermo- 
element B  slb  shown  in  Fig.  1-5  and  is  oxtenBively 
used;  the  l hermo-elenient  is  comtmctcjtt  of  pUiti- 
num  and  plutinura-rhodium  and  is  enclosed  in  a 
porcelain  tube^  as  shown  in  Fig,  1-C. 

The  Bristol  pyrometer  wiiich  may  be  had  with  a 
iBOording  device  belongs  to  the  above  class. 

Another  clans  of  electrical  thermometers  is  basetl  on  the  law 
of  increase  of  electric  r^istance  of  metals  due  to  the  rise  of  tem- 
perature. With  thia  class  of  thermometers  the  difference  in 
temperature  can  be  determined  from  the  mca.surement  of  the 
drop  in  |Jotential  for  a  known  current  passing  through  a  coil 
This  method  k  employed  in  the  platinum  thermometers  of  Sie- 
mens, Calentlars  and  various  others.  The  electrical  thermom- 
eters arc  superior  to  all  others  for  many  use^s. 

OmcAL  Pyrometkrs*  —  The  approximate  temperature  of  in- 
candescent Ijodief^  may  be  detcrniincd  by  the  color  of  the  radiant 
rays,  Pouillet,  as  the  result  of  a  large  number  of  experiments, 
eoncludeil  that  all  incandescent  bodies  have  a  definite  and  fixed 
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color  corresponding  to  each  temperature,  as  shown  in  the  follow- 
ing table: 


Color 

Temp.  C. 

Temp.  F. 

Faint  red 

525 

927 

Dark  red 

700 

1292 

Faint  cherry 

800 

1482 

Cherry 

900 

1652 

Bright  cherry 
Dark  orange 

1000 

1932 

1100 

2120 

Bright  orange 

1200 

2192 

White  heat 

1300 

2372 

Bright  white 

1400 

2552 

Dazzling  white 

1500 

2732 

The  fixed  relation  between  color  and  temperature  is  due  to 
the  fact  that  the  color  of  an  incandescent  body  varies  with  the 
wave  length  which  is  a  function  of  the  tempera- 
ture. A  number  of  optical  pyrometers  have 
been  devised  which  determine  the  temperature 
by  the  appearance  of  the  heated  body.  The 
Mesur^  and  Noel  pyrometer  changes  the  wave 
lengths  by  the  rotation  of  the  plane  of  polariza- 
tion of  light  passing  through  a  quartz  plate  cut 
perpendicularly  to  its  axis.  In  the  use  of  the 
instrument  the  temperature  is  measured  by 
noting  the  angle  through  which  the  analyzer  is 
turned  in  order  to  produce  a  lemon  yellow  color. 
The  Morse  thermo-gage,  which  is  extensively 
used  in  the  steel  industry,  consists  of  an  incan- 
descent lamp  with  a  rheostat  arranged  so  that 
the  current  flowing  through  it  and  its  conse- 
quent brightness  may  be  regulated.  When  the 
film  of  the  incandescent  lamp  becomes  the  same 
color  as  that  of  the  object  the  temperature  is 
computed  from  the  reading  of  a  milli- volt  meter 
arranged  to  measure  the  current.  The  tempera- 
ture corresponding  to  a  given  electrical  reading  is  determined  by 
calibration. 

The  optical  pyrometers  are  convenient  and  of  approximate 


Fig.  1-6.  —  The 
L  e  C  h  a  t  e  11  e  r 
Thermo-Ele- 
ment. 
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accuracy  in  determining  high  temperatures  of  incandescent  bodies. 
They  are  of  no  value  in  determining  temperatures  of  combustible 
objects. 

Vapor  Thermometers.  —  The  pressure  produced  by  a  satu- 
rated vapor  confined  in  a  closed  vessel  increases  with  the  tem- 
perature, in  accordance  with  a  known  law  or  a  law  which  may 
be  determined.  By  providing  a  suitable  pressure  gage  and 
attaching  it  to  a  closed  vessel  of  the  proper  shape  the.  tempera- 
ture may  be  obtained  from  the  pressure  readings,  the  value  of 
which  are  known,  or  from  the  dial  readings  of  the  pressure  gage, 
which  may  be  graduated  by  trial  into  degrees  of  temperature.  An 
instrument  of  this  type  is  made  by  Schaeffer  and  Budenberg  and 
called  by  them  a  Thalpotasimeter. 

Calometric  Thermometer.  —  The  temperature  can  also  be 
measured  by  calometric  methods,  by  heating  a  body  of  known 
weight  and  specific  heat  to  the  temperature  which  it  is  desired 
to  measure,  then  transferring  this  body  with  as  little  cooling  as 
possible  to  a  vessel  containing  a  known  weight  of  water. 

The  equation  for  this  operation  will  be  expressed  as  follows: 

W  (t  -O  =  ws(t^  -  0, 

in  which  W  =  equivalent    weight    of   water  and    its   containing 
vessel. 
w  =  weight  of  heated  body. 
8  =  specific  heat  of  hot  body. 
f  =  original  temperature  of  water. 
t  =  final  temperature  of  water. 
t^  =  temperature  of  hot  body. 

A  ball  of  platinum,  copper,  porcelain,  or  burned  fire  clay  answers 
nicely  for  the  body  to  be  heated. 

Fusion  Thermometers.  —  The  temperature  can  be  approxi- 
mately determined  from  the  known  melting-points  of  metallic 
bodies,  on  the  principle  that  the  temperature  will  he  higher 
than  the  melting-point  of  a  body  that  melts, -and  lower  than  the 
melting  temperature  of  one  that  does  not  melt.  In  place  of 
metallic  bodies  a  series  of  fusible  clay  cones  called  "Seger  cones/' 
whose  melting-points  are  known,  are  often  employed  in  the  same 
manner. 
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6-  Specific  Heat  —  Different  materiale  of  the  same  w 
have  different  capacities  for  absorbing  beat  for  a  correspcmding 
change  of  temperature;  thus  one  pound  of  water  will  absorb 
about  nine  times  as  much  heat  as  one  [xjund  of  wrought  iron  for 
the  same  change  of  temperature.  This  peculiar  heat  capacity 
of  bodies  compared  with  water  is  termed  specific  heaif  which  is 
usually  defineti  as  follows: 

The  s|>ccifie  heat  of  a  body  is  the  ratio  of  ttie  quantity  of  h^t  I 
required  to  raise  that  body  one  degree  iu  temperaturei  to  the) 
quantity  rec|uired  to  mise  an  equal  weight  of  water  at  standard 
tern  pe ra t  u  re  o ne  d egree. 

The  s|)ecific  heat  of  water  is  not  quite  constant,  being  nearly^ 
three  fourths  of  one  per  cent  higher  at  the  boiling  and  freezing 
temjjeratures  than  at  fifteen  degrees  C/entigrade;  this  is  shown  by 
the  following  table  from  the  book  of  Steam  Tables  by  Professor 
Pea body: 

Spscihc  Huat  op  Water 


Ce&ttgnide 

Fuhreiibeit 

gpeci5c  Heat 

0^—5° 

32**— 4  P 

1.0072 

5—10 

41  —50 

1.0044                1 

15  -20 

59  —  r>s 

LOO              J 

20—25 

m  —77 

0.9984         M 

25—30 

77  —845 

Om4H         H 

m~m 

m  —m 

0,9954         ■ 

m  —45 

104  —  113 

1  (10         H 

45  — 155 

iia— 311 

roo8       ^M 

155—200 

311  —392 

1.040       ^m 

7.  specific  Heat  of  a  Permanent  Gas,  —  In  general  tha 
conditions  under  which  the  change  of  temperature  occurs  should 
be  distinctly  specified*  for  the  temperature  of  a  body  may  be! 
varied  by  the  mechanical  work  done  in  the  compression  or  ex^ 
pansion  which  occurs.  The  change  of  volume  due  to  increase' 
of  temperature  is  so  small  for  Bolids  and  liquids  that  the  external 
work  in  change  of  volume  may  be  neglected,  but  such  is  not 
case  for  gases.  For  this  reason  the  conditions  under  which  th' 
heating  of  a  gas  takes  place  must  be  stated  when  referring  to 
specific  heat,  and  it  has  become  customary  to  speak  of  two  sp&-] 


thai 


itsl 


m 
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cific  heats  in  connection  with  any  gas,  namely,  the  specific  heat  at 
constafii  volume f  and  the  specific  heat  u ruler  mnMnnt  pressure. 
The  former  is  the  quantity  of  heat  required  to  raise  the  tempera- 
ture of  a  unit  mass  of  the  gas  one  degree  when  its  volume  is  kept 
constant,  and  the  latter  the  quantity  of  heat  required  to  raise  the 
temperature  of  a  unit  mass  one  degree  when  the  preasure  is  kept 
constant,  compared  wiih  that  of  a  unit  mass  of  water.  In  the 
first  case  the  pressure  ine readies  while  the  volume  is  kept  constant 
and  no  external  work  is  done;  in  the  latter  the  volume  increases 
under  constant  pressure,  antl  an  amount  of  external  work  is  done 
which  is  measured  by  the  product  of  t he  pressure  l>y  the  change 
of  volume. 

The  specific  heat  of  a  gas  at  constant  volume  bears  a  known 
relation  to  the  specific  heat  at  constant  pressure,  so  that  if  one 
be  deterniined  experimen tally  the  other  may  be  computed.  It 
will  be  shown  later  that  the  specific  heat  at  constant  pressure 
equals  the  specific  heat  at  constant  volume  plus  a  constant  which 
dependa  on  the  nature  of  the  gas.     That  is, 


+  R  when  expressed  in  heat  units,  and 
+  JR   when  expressed  in  foot-pounds. 


The  following  table  gives  the  specific  heats  of  constant  pres- 
sure and  volume  of  the  principal  gases: 


Tabl^  op 

SPfiCtFIC 

Ieats 

Qm 

c# 

Cv 

7 

Gas 

c* 

Cv 

y 

H 

3.4()90 

2.4177 

1.41 

CO 

02479 

0,1738 

lAl 

O 

0,2175 

0,1543 

1.41 

COa 

0,2169 

0.157 

1.29 

N 

0.2438 

0.1729 

L41 

CH^ 

0.5929 

Air 

0.2:475 

0.1084 

1.41 

CH, 

0.4040 

O.izQ 

L26 

tl/>f  vapor) 

0.4805 

0.3585 

1 ,34 

In  the  above  table  C^  =  Specific  heat  of  constant  pressure. 
Cp  =  Specific  heat  of  constant  volume. 

The  specific  heat  of  a  perfect  gas  is  considered  constant  by 
most  English  writers  who  discuss  the  Bubject.    Quite  a  number 
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of  experiments  have  sliown,  however^  that  it  varies  with  both  the 
pressure  and  the  temperature. 

Id  the  French  work  by  A.  Witz  the  following  formula  is  given 
for  the  change  of  specific  heat  with  pre^ssure: 

Cp  =  a  -¥  b  (p  —  l)f  in  which  a  and  b  are  constants  for  eac! 
gas  and  p  the  pressure  in  kilos  per  square  centimeter. 

The  specific  heat  of  all  vapors  which  are  liquefied  at  moderate 
temperature  undoubtedly  JDcreasea  with  the  increase  of  tempera- 
ture*    This  subject  is  fully  discussetl  in  Chapter  X  of  this  work. 

In  this  work  the  specific  heat  of  gases  will  be  considered  con 
stant  unless  otherwise  mentioned.     Any  error  caused  by  sue! 
consideration  will  not   usually  l>e  serious,  and  by  so  doing  the 
various  formulas  which  express  the  heat  caimcitles  under  actual 
working  conditions  are  much  simplified. 

The  specific  heat  of  a  mixture  of  various  gases  constituting 
a  known  weight  or  mass  is  equal  to  the  mean  specific  heat  of  the 
mixture,  and  is  found  by  multiplying  the  weight  of  each  component 
part  by  its  specific  heat  and  dividing  the  sum  of  the  products  by 
the  total  weij^^ht. 

8.  The  Heat  Unit.  —  Heat  is  measured  by  its  capacity  t 
raise  the  temperature  of  a  known  weight  of  water*  The  unit  o 
measurement  is  termed  a  caloric  in  the  metric  system,  and  a 
BriHsh  thermal  unit  (B.  T.  U.)  in  the  English  system,  A  calorie  is 
comnionly  defined  as  the  heat  required  to  raise  one  kilogram  of 
water  from  tl^e  freezing-point  to  one  degree  Centigrade,  and  a 
British  thermal  unit  (B.  T.  U)  that  required  to  raise  one  pound  o\ 
water  from  32  to  33  degrees  Faiirenheit,  Because  of  the  varia- 
tion in  the  specific  heat  of  water  near  the  freezing-point  Professor 
Peabody  in  his  Tables  of  Saturated  Steam  defines  the  thermal 
unit  as  that  required  to  raise  the  temperature  from  62  to  63  deg 
Fahrenheit,  or  from  about  15  to  16  degrees  Centigrade* 

The  specific  heat  of  water  change  slightly  for  dififerent  te: 
peratures  as  already  noted,  but  it  can  be  considered  as  constant 
without  sensible  error  for  all  onlinary  purpc»ses  in  the  measure- 
ment of  heat  when  the  temperature  is  maintained  l>etween  thi 
freezing  and  boiling  points. 

It  is  noted  from  the  above  statement  that  heat  is  measu 
not  by  the  temperature  alone  but  by  its  ability  to  heat  a  mass 
water  from  one  temperature  to  another;  the  total  heat  express 


INTRODUCTION,  DEFINITIONS,  ETC,  15 

in  thermal  uoits  being  equal  to  the  product  of  the  weight  of  water 
by  the  change  of  temperature.  Thus  If  20  poundB  of  water  be 
heateJ  25  degrees  Fahrenheit,  the  heat  required  is  the  product 
of  20  times  25  =  500  B,  T.  U. 

g.  Mechanical  Equivalent  of  Heat*  —  The  mechanical 
equivalent  of  heat  is  ttie  ainoimt  of  work  expressed  in  mechanical 
units  which  may  be  performed  by  the  transformation  of  one  heat 
ait  into  mechanical  work.  The  value  of  the  mechanical  equiva- 
at  of  heat  was  determined  experimentally  by  Joule  who  found 
that  772  foot-pounds  was  equivalent  to  one  B,  T.  U.  or 425.6  kilo- 
grarameters  to  one  calorie*  The  determinations  made  later  and 
with  more  accurate  instruments  by  Rowland,  reduced  to  the  sea 
level  and  to  45  degrees  of  latitude,  give  the  following  values  which 
are  now  generally  adopted: 

Expressed  in  calories,  J  =  426.0  kilogrammeterB. 
Expressed  in  B.  TV.,  J  =  77S    foot-pounds. 

In  this  work  J  m  used  as  the  symbol  for  the  mechanical 
equivalent  of  heat,  and  .4  as  the  rei*iprocal  of  i.  That  is, 
J  =  IjA. 

The  experiment  by  means  of  which  the  equivalent  value  of 
the  heat  unit  was  determined  in  units  of  mechanical  work  serve 
to  prove  the  general  mechanical  principte  of  the  conservation  of 
energy »  which  had  been  previously  stated  by  Chtusiuii  as  follows: 
**  In  all  m$€B  where  y?ark  is  produced  by  heat,  the  qimntity  of  hrai 
conmimed  is  prop/yrtiofnd  to  the  work  done;  and  conversely,  by  the 
expaiditure  of  the  mme  ajnount  of  tmrk  the  same  quantity  of  heat 
may  be  produced.^'  This  principle  is  often  called  the  firBt  law  of 
Therm  f  k  1  y  n  a  m  ics . 

10.  Entropy-  —  One  of  the  qualities  or  properties  of  heat 
which  cannot  be  measured  by  any  simple  physical  apparatus  is 
termed  ** Entropy/'  This  same  quality  was  named  t)v  Rankine 
** the  Thermodynamic  Function'*;  its  value  is  such  that  its  change 
during  a  given  time  multiplied  by  the  absolute  temperature 
equals  the  total  fieat  which  may  be  transformed  into  mechanical 
work.  From  this  definition  it  is  noted  that  the  product  of  abso- 
lute temperature  by  change  of  entmpy  is  the  measure  of  the 
capacity  of  heat  for  performing  mechanical  work. 

As  an  illuistration.  if  a  gaseous  body  under  pressure  be  allowed 
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to  expand  without  receiving  or  giving  off  heat  its  entropy  would 
re  main  constant  and  any  mechanical  work  performed  would  be 
done  at  the  expense  of  the  heat  existing  in  the  Isttcty.  A  change 
which  takes  place  without  gain  or  loss  of  heat  is  termed  adiabalic, 
which  condition  corresponds  to  that  of  constant  entropy. 

Expansion  or  compression  of  a  body  taking  place  without] 
change  of  temperature  is  called  isothermal  expansion  or  compres-J 
si  on,  and  lines  drawn  in  a  diagram  indicating  thia  property  are] 
termed  ** isothermal"  lines. 

Change  of  entropy  with  respect  to  heat  is  in  many  respects 
analogous  to  change  of  volume  in  re-spect  to  mechanical  work; 
it  has  already  been  shown  that  the  mechanical  work  is  eqnal  to 
the  change  in  volume  multiplied  by  the  resistance  or  pressure^ 
overcome.  If  we  denote  the  total  heat  capable  of  being  trans- 
formed into  mechanical  work  by  Q,  the  change  of  entropy  by  ^ 
and  the  absolute  temperature  by  T,  we  shall  have  the  followingj 
equations:  W  =  (v  -  V)  p, 

Q   ^  {^-  ^0  T, 

From  the  first  of  the  above  equations  it  is  noted  that  no 
mechanical  work  can  be  done  without  a  change  in  volume,  and 
further^  that  the  aniDunt  of  work  done  is  measured  by  the  change| 
of  volume  multiplied  by  the  pressure. 

From  ttie  second  it  m  S€cn  that  no  change  in  the  amount  of| 
heat  which  a  body  contains  can  take  place  without  a   chang 
in  entKjpyt  for   when  <^  =  <^',  Q  =  0.      The    amount  of    heat ' 
transferred    is  measured  by  the  change  of   entropy  multiplied, 
by  the  abwlute  temperature. 

From  the  above 

p 

From  which  is  seen  that  the  change  in  volume  is  equal  to  thd| 
mechanical  work  performed  divided  by  the  mean  pressure. 

From  which  it  is  seen  that  the  change  in  entropy  is  equal  tc 
the  total  heat  transformed  into  work  divided  by  the  absolute| 

temperature* 
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ir.  Classification  of  Eogmes  —  The  action  of  an  engine 
is,  in  general,  to  produce  motion  against  a  resistance  or  to  per- 
form work.  Engines  are  popularly  claBaified  in  accordance  with 
the  nature  of  the  working  fluid,  as  hydraulic  engines,  steam 
enginesi  gas  engines,  oil  engines,  etc.  They  may  be  more  scientifi- 
cally classified  in  accordance  with  the  nature  of  the  working 
process  as  pressure  engines  and  heat  engines.  In  the  presmre 
engine  work  is  produced  by  change  of  pr^sure  without  change  of 
temperature,  as  illustrated  in  the  piston  water  engine.  In  the 
heal  engine  work  is  produced  by  transforming  heat  into  inectiaiii- 
cal  work .  which  process  is  accompanied  with  change  of  tempera- 
ture, and  usually,  also,  a  change  of  pressure. 

In  mechanical  structure  engines  are  of  two  classes,  recijiro- 
eating  and  rotary.  In  the  reciprocating  imgine  a  piston  free  to 
move  in  a  eylintler  is  pushed  backward  and  forward  by  alternate 
changes  in  pressure  of  the  fluid  against  either  face.  Tlie  recipro- 
cating motion  of  the  piston  is  converted  into  a  continuous  rotary 
motion  by  a  mechanism  usually  consisting  of  crank  and  fly-wheel 
which  will  be  descril>ed  later.  In  the  rotnTy  engine  a  rotary 
motion  is  directly  produced  by  the  force  due  to  pressure,  impulse ^ 
or  reaction  acting  upon  revolving  blades  or  pistons  arranged  in  a 
suitable  casing.  The  term  is  often  confined  to  a  structure  with 
a  revolving  piston  in  which  motion  is  produced  by  a  difference 
of  pressure,  whereas  the  term  turbine  is  apjilied  t<i  the  structure 
when  rotation  is  produced  l>y  impulse  or  react iim  of  the  jet,  In 
a  general  way  the  turbine  is  a  species  of  rotary  engine*  This 
treatise  will  he  principally  confined  to  internal  combustion  engines 
liaving  a  pisttm  with  reciprocating  motion. 

t^ngine^  are  classified  as  mngk  acting  when  the  propelling 
force  is  applied  to  one  side  of  the  piston  only ,  and  as  dovhk  acting 
when  it  is  applied  alternately  to  both  sides. 

Enginas  are  classified  as  simple,  comjmund,  triple,  exjianswUf 
etc.»  depending  on  the  number  of  cylinders  through  which  the 
working  fluid  passes  in  succession  as  it  expands  from  highest  to 
lowest  pressure. 

la.  Classification  of  Heat  Engines*  —  Heat  available  for  tise 
in  a  heat  engine  is  usually  produced  by  a  species  of  chemical 
action  termed  comhu^tiim.  Heat  engines  may  be  classified  in 
accordance  with  the  location  of  the  place  of  combustion  with 
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respect  to  the  working  cylinder  as  external  combustion  engtf 
and  ifdernal  combustion  ejigines. 

The  external  combustion  engines  include  steam  and  other 
vapor  engines, hot  air  engines,  and  some  forms  of  gas  or  oil  engines; 
the  internal  combustion  engines  include  all  the  usual  fomis  of 
gas  and  oil  engines  in  which  the  fuel  is  consumed  in  the  working 
cylinder.  In  this  work  the  term  gas  engine  will  be  frequently 
used  as  including  all  forma  of  internal  combustion  engines  adapte 
to  burn  gas  or  vapor  irrespective  of  the  nature  of  the  fuel 

Of  these  various  types  of  engines  the  steam  and  the  gas 
engines  are  the  only  ones  of  practical  commercial  importance  at 
the  present  time.  The  hot  air  engine  was  built  extensively  about 
fifty  years  ago,  and  its  theory  was  thoroughly  investigated  at 
that  time.  It  failed  as  a  commercial  machine  because  of  the 
high  cost  of  repairs  and  operation;  it  is  principally  useful  at  the 
present  time  as  ilhistniting  the  practical  application  of  certain 
thermodynamical  principles. 

As  the  steam  engine  and  hot  air  engine  have  a  practical 
ing  on  the  internal  combustion  engine,  a  short  description^ 
inserted. 

13  •  The  Steam  Engine.  —  The  mechanism  of  the  stc 
engine  and  its  mode  of  operation  should  be  familiar  to  all  students 
of  the  internal  combustion  engine-  The  term  steam  engine  is 
used  here  in  its  broad  sense,  including  the  boiler.the  engine  proper, 
and  all  the  accessories  necessary  for  its  operation.  In  the  mode 
of  operation  of  the  steam  engine,  steam  is  produced  at  any  de- 
sired pressure  by  the  combustion  of  fuel  in  a  furnace  beneath  the 
boiler,  which  latter  is  a  strong  closed  vessel  containing  a  certain 
amount  of  water  and  into  which  w^ater  is  introduced  by  a  feed 
pump  as  desired.  The  steam  engine  proper  is  provided  with  a 
cylinder  in  which  Is  fitted  a  pif^ton  which  is  propelled  by  the 
steam  pressure  acting  on  one  or  both  sides.  The  admission  and 
discharge  of  the  steam  are  controlled  by  a  valve  or  valves  moved 
by  the  mechanism  of  the  engine,  the  form  of  which  varies  greatly 
with  different  types.  In  the  more  common  form,  a  slide  valve  ia 
used  which  is  propelled  backward  and  forward  by  a  valve  rod 
moved  either  by  an  eccentric  or  by  a  short  crank  attached  to  the 
main  shaft.  The  valve  is  operated  so  as  to  admit  steam  at  nearly 
boiler  pressure  back  of  the  piston  for  a  portion  of  the  stroke ,  and 
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then  to  cut  off  eommunication  with  the  boiler,  after  which  the 
piston  is  pushed  forward  by  the  expaaslve  force  of  the  steam* 
The  valve  is  moved  at  the  end  of  the  stroke  so  as  to  open  com- 
munieation  between  the  ryliuder  and  the  exhaust  pipe,  which  in 
the  caae  of  a  non-condensing  engine  discharges  inttt  the  atmoa- 
phere  and  in  case  of  a  condensing  engine  discharges  into  a 
more  or  less  perfect  vacuum. 

The  motion  of  the  piston  is  communicated,  by  means  of  a 
piston  rod  which  slides  through  a  stuffing-box  at  the  end  of  the 
cylinder,  to  a  block  called  a  cross-htad  which  moves  in  guides, 
from  which  motion  is  communicated  by  a  connecting  rod  to  the 
crank  of  the  main  shaft  so  as  to  produce  rotary  motion* 


S' 


F  H  K 
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.  —  iJtiuble  Acting  Steuto  Engine* 


The  train  of  mechanism  of  the  ordinary  double-acting  steam 
engine  which  is  used  to  communicate  motion  from  the  piston  to 
the  fly-wheel  is  shown  in  Fig.  1-7,  in  which  P  represents  the 
piston,  p  the  piston  rod,  //  the  cross-head,  C  the  connecting  rod^ 
aM  E  the  crank,  E  the  crank  pin,  F  the  wrist  pin,  M  the  main  shaft, 
G  the  tiy-wheel,  ti  the  stuffing-box,  which  is  used  to  prevent 
leakage  of  steam  around  the  piston  rod.  The  cross-head  moves 
in  guides  K  which  direct  its  motion.  One  end  of  the  connect- 
ing rod  E  has  a  circular  motion,  the  other  a  rectilinear  motion. 
In  the  view  referred  to  the  valves  which  admit  steam  alternately 
to  the  ends  of  the  cylinder  are  not  shown. 

A  view  of  a  two-cylinder  single-acting  engine  is  shown  in 
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Fig.  1-8  in  section.     In  this  engine  the  steam  is  atlmitted  only  at^ 
one  end  of  the  ryhntler  at  the  projier  intervals  of  time  hy  the 
sHding  motion  of  the  piston  valve  V,  which  is  operated  by  the 


-  Two-cylinder  Single-acting  Steam  Engine, 

me^chanlsm  of  the  engine  by  means  of  a  small  crank  attached  to 
the  main  shaft  and  the  various  link  connections  shown. 

Steam  engines  are  frequently  built  compound,  In  which  case 
the  steam  works  in  succession  in  a  small  and  large  cylinder, 
tenned  respectively  the  high-pres»'<ure  and  low-pressure  ry linden 
These  cylinders  may  be  arranged  side  by  side  as  in  the  view  of  the 
single-acting  engine*  Fig,  I-S,  or  they  may  l>c  arranged  in  tandem 
as  shown  in  Fig,  1-9.     In  the  tandem  convpound  engine  shown 


Fig.  1-9. — Tandem  Compound  Steiim  Engine. 
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the  supply  of  steam  is  admitted,  to  the  high-pressure  cylinder 
by  the  slide  valve  V  operated  from  the  small  crank  E*j  and  to  the 
low-pressure  cylinder  by  the  slide  valve  V  operated  from  the 
eccentric  E. 

Since  the  apijliealion  of  prcssisure  to  tlie  piston  as  described 
iibove  k  periodic  and  not  constant,  a  fly-wheel  eoasisting  of  a 
heavy  mass  of  metal  must  be  applied  as  shown,  to  produce 
uniform  motion.  To  regulate  the  speed  a  governor  is  used, 
which  is  constructed  so  that  the  variation  in  centrifugal  force 
either  tends  to  cut  off  the  supj>ly  of  steam  or  to  close  the 
steam  valves  if  the  speed  become  higher  than  desired,  or  the 
reversi*. 

An  indicator  or  pressure  volume  diagram  of  a  steam  engine  is 
iihown  in  Fig.  1-35*  In  this  diagram  vertical  distances  are  pro- 
portional to  prc^urcs  per  sfjuarc  inch  acting  on  the  piston,  and 
horizontal  distances  to  the  space  passed  thrtmgh  by  the  piston. 
The  diagram  shows  the  relation  of  pressure  and  volume  at  any 
point.  The  work  done  on  the  i>iston  is  proportional  to  the  area 
of  the  diagram. 

The  steam  engine,  as  will  be  sliown  later,  does  not  realize  in 
the  work  perfornjcd  as  great  an  efficiency  on  the  basis  of  the  heat 
values  of  the  fuels  employed  as  the  gas  engine;  but  it  has  the 
advantage  of  being  adapted  for  the  burning  of  solid  fuels  under 
it-s  boiler  without  converting  the  same  into  gas,  and  this  in  a 
measure  sometimes  compensates  for  the  greater  heat  losses. 
The  steam  pressure  is  exerted  on  the  piston  for  a  much  larger 
fiorlion  of  the  stroke  than  an  explosion  in  a  gas  engine  piston, 
and  liS  a  consequence  the  inertia  of  moving  parts  is  depended 
upon  less  for  uniform  speed  than  in  the  gas  engine »  iis  will  be 
afterw^ards  shown. 

In  the  past  the  steam  engine  has  had  a  great  advantage  over 
the  gus  engine,  due  to  the  fact  that  it  has  been  more  reliable  in 
operation  and  could  produce  a  more  nearly  uniform  motion. 
The  develofjment  nf  the  gas  engine  h^is,  however,  removed  in  a 
large  measure  such  defects,  and  at  the  present  time  there  is  no 
grftat  difference  in  respect  to  reliability  and  regulation  on  the 
part  of  these  two  c hisses  of  engines.  The  use  of  a  producer  in 
which  gas  can  readily  be  made  from  solid  fuels  also  equalizes  any 
advantages  which  the  steam  engine  has  had  from  that  source. 
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14*  Hot  Air  Engines.  —  The  hot  air  engine  is    principally 

of  importance  to-day  for  Its  scientific  value.    Its  actual  ^nm-_ 
mercial  use  is  confined  to  pumping  small  quantities  of  wat 
under  ftivonible  conditions.     It  is  of  scientific  interest  beeaus^ 
it  is  the  only  heat  engine  yet  produced  TS'hieh  represents  alnnost 
perfectly  the  standard  ideal  cycle  of  Carnot,  with  which  the 
operation  of  nearly  all  heat  engines  is  compared. 

In  the  hot  air  engine  a  mass  of  air  is  successively  heated  ai 
cooled;  during  the  time  that  it  is  heated  either  its  volume 
pressure  increases,  and  during  the  time  it  is  cooled  the  revers^ 
operation  takes  place.  Mechanical  ^nrk  b  performed  by  the 
change  of  volume  or  pressure  which  is  utilised  for  moving  a  piston. 
The  principal  varieties  of  air  engines  may  l>e  classified  by  the 
following  distinctive  features:  1.  Change  of  temperature  at  con- 
stant pressure.  2.  Change  of  temperature  at  constant  volumes, 
3.  Heat  received  and  rejected  at  a  pair  of  constant  pressures. 
Ericsson's  engine,  best  known  as  the  caloric  engine,  may 

taken  as  an  example 
the  first  class.  In  this  en~ 
gine,  air  is  admitted  froE 
the  atmosphere  to  tl 
compressing  pumji  at  the" 
lo^\'est  working  tempera^ 
ture,  and  compressed » i% 
temperature  l>eing  main- 
tained constant  by  the 
action  of  some  refrigerat- 
ing apparatus.  The  air 
when  compressed  enters  a 
receiver.  It  is  then  ad- 
mitted to  the  working  cyl- 
inder, being  heated  on  its 
passage  to  the  higher  tem- 
perature, so  thid  its  vol- 
ume is  increased  and  the  pressure  remains  constant  under  the 
movement  of  the  pistoOi  then  expands  with  its  temperature  main- 
tained constant  at  the  higher  limit,  and  is  finally  expelled  into 
the  atmosphere,  giving  up  its  heat  to  the  regenerator,  to  be 
in  heating  the  volume  of  air  next  introduced* 
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s  engine  is  represented  in  Fig.  l-IO.  i3  is  a  working  cylin- 
der, placed  over  the  furnace  H.  This  cylinder  consists  of  two 
parts;  the  upper  part  in  which  the  piston  worlcs  is  accurately 
turned,  and  the  lower  part  in  which  the  air  receives  heat  from 
t  he  furnace  is  less  accurately  made.  .4  is  the  piston  of  the  cylin- 
der, consisting  of  an  upper  part  which  is  accurately  fitted  and  pro- 
vided with  metallic  packings  so  as  to  work  air-tight  in  the  upper 
part  of  the  cylinder  The  lower  part  is  somewhat  smaller  than 
the  cylinder,  is  hollow,  and  filled  with  l>nck  dust,  fragments  of 
fireclay,  or  some  slow  conductor  of  lieat.  The  cover  of  the  cylin- 
der B  has  holes  in  it  marked  a  to  admit  the  external  air  to  the 
space  above  the  piston. 

D  is  the  compr€*ssing  jiunip  with  piston,  C,  which  is  connected 
to  the  piston  A  by  three  or  four  piston  rods,  of  whicii  two  are 
shown  at  d  d.  The  space  between  the  piston  C  and  A  is  open  to 
the  external  ain  In  operation  the  air  is  drawn  into  the  compress- 
ing pump  through  the  valve  c,  and  is  forced  out  after  being  com- 

sed  through  the  valve  e  into  a  receiver  marked  f\  It  is 
Imitted  at  proper  intervals  of  time  by  the  valve  b  into  the 
working  cylinder  fi,  being  heated  in  its  passage  by  hot  plates 
in  the  vessel  G ,  termed  tlie  regenerator. 

It  is  further  heated  wliile  in  the  working  cylinder  by  the  heat 
from  the  furnace  //,  the  effect  of  which  is  to  increase  the  tem- 
perature and  volume  underneath  the  piston.  The  increase  of 
volume  drives  the  piston  to  the  end  of  its  stroke.  The  exhaust 
valve  /  13  opened  by  a  mechanism  connected  to  the  engine  and 
the  working  gase^  are  forced  outward  througli  the  regenerator, 
G,  and  discbarge  into  the  atmosphere  through  the  pipe  g.  The 
regenerator  is  a  vessel  nearly  filled  with  metallic  plates  which 
are  heated  by  tfie  escaping  gases  and  give  up  heat  to  the  engine 
gases^  thus  reducing  in  large  measure  the  heat  wastes  from  the 
engine. 

In  some  forms  of  I  he  Ericsson  engine  the  air  entering  the  com- 
pressor through  the  valve  c  is  taken  from  the  exhaust  opening 
ff;  with  this  arrangement  the  same  mass  of  air  is  repeatedly  w^armed 
and  cooled,  the  changes  of  temperature  taking  place  at  constant 
pressures. 

Ericsson's  caloric  engine  was  employed  to  drive  a  ship  across 
the   Alantic  in^  1853,     The  ship  was  250  ft.  long,  had  paddle 


24 


INTERNAL  COMBUSTiON  ENGINES 


wheels  32  ft.  in  diameter.     On  its  first  trial  trip  the  ship  mad 
twelve  knots  an  hour  with  the  windi  burning  six  tons  of  fuel  per 


day.  On  the  second  trial  the  maximum  speed  was  nine  knots 
After  this  unfavorable  circumstances  came  to  light  and  in  185; 
the  engine  was  taken  out  and  a  steam  engine  substituted. 

Extended  accounts  of  the  Ericsson  and  other  hot-air  en^jines 
will  be  found  in  Knight *s  Mechanical  Dictionary,  1873,  in  Apple- 
ton's  Cyclopedia  of  Mechanics,  1878,  in  Bourne's  work  on  the 
Steam,  Hot  Air,  and  Gas  Engine,  and  in  Rankine*s  Steal 
Engine. 

Figure  1-11  represents  the  reciprocating  parts  of  an  air  engi 
of  the  class  in  which  temperature  is  changed  at  constant  volume 
Such  an  engine  was  designed  and  built  l)y  Dr.  Robert  Stirling 
about  1850,  but  improved  by  various  other  inventors,  and  is  still 
built  and  sold  for  pumping  small  quantities  of  water  as  redesigned 
by  Rider, 

In  the  figure  D  C  A  B  Ib  the  air  receiver  or  heating  and  eooUi 
vessel,  which  is  providetl  with  a  furnace  underneath,  not  shownJ 
in  the  diagram;  G  is  the  working  cylinder  with   the  working 
piston    H*    The    receiver    and    cylinder    communicate     freely 

through  the  passage  F,  which  is  open  at 
all  times  when  the  engine  is  workings 
Within  the  receiver  is  an  inner  receivi 
or  lining  of  a  similar  figure,  w'hich  has 
its  bottom  pierced  with  many  small  holes 
shown  with  dotted  line^  in  the  cut.  The 
annular  space  between  the  receiver  and 
its  lining  extending  along  the  side  of  the 
receiver  contains  the  regenerator,  which 
consists  of  a  series  of  oblong  strips  of 
metal  with  narrow^  passages  between 
Ilot  them.  The  Inner  surface  of  the  cylindri- 
cal part  of  the  lining  from  A  A  to  C  C  is 
turned  and  the  plunger  E  is  fitted  nicely  in  thiH  portion.  The 
upper  portion  of  the  receiver  D  D  is  supplied  with  a  horizon- 
tal coil  of  fine  copper  tube,  through  which  a  current  of  cold 
water  is  forced  or  it  is  jacketed  with  cold  water,  and  is  term- 
the  refrigerator.  It  is  thus  noted  that  t!ie  bottom  of  the  recei 
is  kept  hot  while  the  top  is  kept  cold*    The  plunger  E  is  co 


ng      , 
at 


Fm.   I'll.  — Stirling 
Air  Engme. 


INTRODUCTION,  DEFlNlTfONS,  ETC, 


25 


nected  to  the  working  mechanism  of  the  engine  so  as  to  transfer 
a  certain  mass  of  air,  which  may  be  called  the  working  air,  from 
the  hot  to  the  cold  end  of  the  receiver,  and  in  so  doing  making  it 
pass  up  and  down  through  the  regenerator.  The  mechanism  for 
moving  the  plunger  E  m  eo  adjusted  that  the  up-stroke  of  that 
plunger  takes  phicc  when  the  piston,  //,  is  at  or  near  the  beginning 
of  its  forward  stroke,  and  the  down  stroke  of  the  phi  tiger  when 
the  piston  H  is  at  or  near  the  beginning  of  the  back  stroke. 

An  air  engine  of  class  3,  which  receivetl  and  rejected  heat  at 
constant  pressures,  was  designed  by  Jewell,  but  probably  was 
never  put  into  practical  use. 

Hot  Am  ENomES  Opkkated  by  Phoducts  op  Combustion.  — 
Another  form  of  air  engine, 
which  Rankine  in  his  Steam 
Engine  terms  a  furnace  gas  en- 
gine,  was  first  designed  by 
Cayley  of  England  and  Barre 
of  France. and  was  redesigiieii 
and  improved  and  put  on  tlie 
market  in  this  country  about 
1S65  by  Wilcox, 

The  engines  of  this  class 
operate  similar  to  a  steam 
engine,  pressure  being  pro- 
dueed  by  com  host  ion  in  a 
closed  furnace  instead  of  in  a 
steam  lioiler. 

In  the  operation  of  this 
engine  {see  Fig*  1-12)  a  pump  draws  air  from  the  atmosphere 
through  valve  F,  compresses  it,  and  forces  it  into  a  strong  air- 
tight furnace  C  tlirough  pipe  II ,  where  its  oxygen  comhines  with 
the  fuel;  then  tlie  hot  gas  produced  by  the  combustion  mixed 
with  air  is  admitted  into  the  working  cylinder  through  pipe  B 
and  valve  I,  under  pressure  pmduced  by  the  temperature  of  com- 
bust ion,  where  it  drives  the  piston  P  through  part  of  its  stroke 
lit  full  pressure  and  through  the  remainder  by  expansion,  until  it 
falls  to  atmospheric  pressure.  It  is  discharged  through  an  ex- 
haust valve  not  shown  and  a  pipe  A",  The  entering  air  is  heated 
by  a  regenerator  which  is  wanned  by  the  exhaust  gases.     In  the 
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form  shown  (U.  S.  patent  May  19,  1865)  the  furnace  is  fed  with 
coal  through  a  double  valve,  which  is  so  cons  time  ted  that  it  can^ 
be  introduced  without  permitting  the  escap€  of  rnore  than  a  ver 
small  quantity  of  the   compresj^ed  air.     In   the   Wilcox   engineJ 
patented  ^lept.  19,  1865,  the  furnace  was  fed  with  petroleum  oil 
under  pressure. 

Respecting  Cayley's  engine,  Rankine  states:  '*The  cylinder,' 
piston,  and  valves  of  this  engine  were  found  to  be  so  rapidly 
destroyed  by  the  intense  heat  and  the  dust  from  the  fuel  tliat  no 
attempt  was  made  to  bring  it  into  general  jiractical  use*"     WU- 
cox's  engine  never  met  with  commercial  success. 

Most  forms  of  the  gas  turbine  belong  to  a  class,  in  w^hich 
pressure  is  produced  by  the  heat  of  combustion  of  the  gases  be- 
fore entering  the  turbine,  either  in  a  closed  combustion  chamber 
or  in  the  inlet  pipe.  As  the  supply  to  a  turbine  is  continuous 
no  inlet  or  exhaust  valves  are  required ,  and  hence  the  trouble 
experienced  in  the  early  forms  of  this  engine  is  greatly  reduced. 

15.  Structure  and  Mode  of  Operation  of  the  Gas  Eq- 
gme.  —  The  mechanism  of  the  ordinary  gas  engine,  using  the 
term  in  its  general  sense  as  covering  alt  iiiternal  combustion 
engines^  is  similar  in  most  respects  to  that  of  the  steam  engine, 
which  has  already  been  briefly  described.  It  coTislsts  of  a  cylinder 
containing  a  piston  which  is  moved  by  the  pressure  produced  by 
the  explosion  of  a  charge  consisting  of  a  mixture  of  gas  or  vapo^ 
and  air  in  the  cylinder.  The  motion  of  the  piston  is  communis' 
cated  to  a  main  shaft  by  a  connecting  rod  similar  lo  that  used  in 
the  steam  engine.  The  valve  mechanism  of  the  gas  engine  senses 
to  admit  and  discharge  the  charge  at  the  proper  interval  of  time 
and  is  operated  by  the  mechanism  of  the  engine.  In  the  early 
development  of  the  gas  engine  a  slide  valve  was  used  to  a  con- 
siderable extent,  but  at  the  present  time  the  pop|>et  valve  is 
commonly  used  as  it  has  been  found  to  withstand  high  tempera- 
ture better  than  the  other  form. 

In  order  to  start  the  gas  engine  some  external  force  must  be^ 
provided  to  introduce  the  combu.stible  diarge  into  the  working 
cylinder  and  give  it  the  initial  compression.  This  may  be  done 
in  the  first  instance  by  revolving  the  engine  by  extraneous  |>ower, 
which  puts  the  piston  in  motion  and  serves  to  draw  in  the  neces* 
eary  gas  and  air  by  suction  and  to  compress  t  he  same.     After  thfi 
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englae  is  in  operation  the  inertia  of  the  moving  parts  keeps  it  in 
motion  and  serves  to  draw  in  and  compress  the  charge. 

It  is  quite  evident  that  the  amount  of  work  performed  will  be 
proportional  to  the  mass  or  weight  of  the  chai^ge.  For  this 
reason  it  is  desirable  that  the  charge  be  under  as  much  com- 
pression as  practicable  at  tlie  time  of  ignition,  and  all  modern 
mtemal  combustion  engines  provide  means  for  compressing  the 
chiirige  previous  to  ignition  either  outside  or  inside  of  the  work- 
ing  cylmder.  In  nearly  every  case,  in  the  modern  engine ^  the 
compression  is  completed  in  the  working  cylinder. 

The  principal  events  in  the  operation  of  an  internal  combuar- 
tion  engine  are  as  follows: 

1.  Charging  or  suction,  during  which  time  the  charge  is 
drawn  into  the  cylinder. 

2.  Compression,  during  which  time  the  charge  is  compressed. 

3.  Ignition,  explomon,  and  expansion,  during  which  time  heat 
is  supplied  which  causes  the  combustion  or  explosion  followed  by 
the  expansion  due  to  increase  of  volume  caused  by  motion  of  the 
piston*  Ignition  may  take  place  under  conditions  of  (1)  constant 
volume,  (2)  constant  pressure ^  or  (3)    constant  temperature. 

4.  Exhaust,  during  which  time  the  products  of  combustion 
leave  the  cylinder. 

i6.  Classification  of  Internal  Combustion  Engines.  —  Gas 
engines  are  scientifically  classified  in  accordance  with  the  mode 
of  applying  heat  during  ignition  as  follows: 

L  Engines  receiving  heat  with  charge  at  constant  volume; 
these  will  be  called  in  this  work  Explosion  Engines. 

2.  Engine  receiving  heat  with  charge  at  constant  pressure; 
these  will  be  called  in  this  work  Prfssure  Engines. 

3.  Engines  receiving  heat  iivith  charge  at  constant  tempera- 
ture;  the^e  will  be  called  in  this  work  ConMant  Ttnfiperature 
Engim's. 

In  the  fimt  of  the  above  classes  of  engines  the  charge  may  be 
Ignited  with  or  without  previous  compression;  consequently  this 
claas  may  be  subdivided  into  non-com  prrsH  ion  and  compremion 
cnginm^  the  non-compression  engine  has  entirely  gone  out  of 
use  because  of  its  low  efficiency  and  small  capacity  for  a  given 
aise.  Engines  of  any  class  may  be  either  two  or  four  stroke  cycle 
engines  as  explained. 
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This  classification  is  based  on  the  characteristic  equation  ex- 
pressing the  relation  between  pressure,  volume,  and  temperature 
of  a  given  weight  of  a  perfect  gas,  which,  as  will  be  shown  later,  is 


in  which     p  =  absolute  pressure. 
V   =  the  volume. 
T  =  absolute  temperature. 
/2  =  a  constant  for  any  given  gas. 

It  is  evident  that  the  heat  may  be  received  wliile  any  of  theS 

variables,  presanrei  volume,  and  temperature,  remains  constant, 
that  is,  at  conatant  volume  ti^  in  Class  1,  constant  pressure  as  in 
Class  2i  or  constant  temperature  as  in  Class  3. 

Internal  combustion  engines  are  often  unscientifically  dassi-^ 
fied  by  the  nature  of  the  working  iluid  as  gas  engines,  jietrol] 
engines,  and  oil  engines.  This  classification  gives  no  eonsidera^j 
tion  to  the  fact  that  any  of  the  abo\^e  classes  will  operate  with] 
any  of  the  fuels  named*  The  term  gas  engine  is  frequently  uscdj 
in  this  work  in  its  general  sense,  as  applying  to  any  form  of  m-^ 
ternal  combustion  engine. 

Engines  Igniting  at  Constant  Volume,  or  Explosiok 
Engines.  —  In  these  engines,  which  are  the  ones  commonly  used^ 
the  various  operations  are  performed  in  the  order  mentioncctl 
above  in  each  working  cycle  of  the  engine.  These  engines  niay| 
be  divided  into  two  classes  accordingly  as  they  perform  the 
operations,  in  each  end  of  the  cylinder,  (a)  in  four  strokes  or  {b)\ 
in  two  strokes. 

In  this  class  of  engines  the  combustion  is  practically  in-* 
stantaneous  and  of  the  nature  of  an  explosion*  taking  place  under 
normal  conditions  while  the  volume  of  gas  remains  constant, 
thus  producing  an  extremely  rapid  rise  of  pressure. 

(a)    Four-Stroke   Cycle    Engine.  —  The    internal    comljustion ' 
engine  most  commonly  used  ignites  the  charge  while  its  volume^ 
remains  stationary,  and  requires  four  stnikes  for  one  cycle  of 
operation.    For  this  reason  it  is  known  as  the  fouT'Stroke  cycle  ot^ 
four-cycle   en^jirie.     This   engine   as  ordinarily   built  is  a  single- 
acting  engine  with  all  the  operations  performed  on  one  side  on 
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the  working  piston,  A  diagram  showing  its  general  construction 
and  mode  of  operation  for  each  stroke  is  shown  in  Fig,  1-13*  In 
the  oi>eriLtion  of  this  en- 
gine the  charge  is  drawn 
in  during  the  first  out 
stroke  of  the  piston,  is 
compressed  during  the 
return  stroke,  is  ignited 
with  the  piston  station- 
ary at  the  end  of  the 
stroke  and  with  the  vol- 
ume of  the  charge  con- 
stant. It  expands  during 
t!ie  next  out  stroke  and 
m  exhauatcd  and  exi^iellcd 
from  the  cylinder  during 
the  next  in  stroke. 

An  engine  of  this 
kind  was  firat.  described 
liy  Beau  de  Ruchas  in 
IHGl,  it  was  first  built 
by  Otto  in  1876.  The 
cycle  on  which  it  oper- 
atea  is  ffvr  this  reason 
often  called  the  lleau  de 
Roehi^  or  Otto  cycle* 
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Fig.  1-13*^  Diagram  of  Fwur-i-yde 
Engine. 


(b)  Tu-O'Slmke  Cycle  Engine.  —  An  internal  combustion  en- 
gine* igniting  as  before ,  which  is  used  for  many  purposes,  is  de- 
feigned  to  perform  the  four  operations  above  referred  to  in  two 
stroke-s  and  is  known  as  a  two- stroke  cycle  engine  or  a  two-cyc!£ 
engine.  A  common  form  of  such  engine  is  shown  in  Fig,  1-14, 
in  which  form  the  engine  is  in  part  a  double-acting  engine  and 
Ixith  sides  of  the  piston  constitute  dosed  chambers.  The  crank 
ciise  is  made  tight  by  the  use  of  stnfling-lK^xes  on  the  main  shaft, 
and  the  suction  operation  is  perfornie<i  by  the  inward  stroke  of 
tiie  piston  vrhich  draws  the  charge  into  tlie  crank  case  through 
the  inlet  /,  where  it  h  partially  compressed  by  the  out  or  return 
stmke  of  the  piston  ntiil  transferred  through  port  a,  which  is  un- 
covered at  the  proper  time  by  the  pif?ton,  to  the  ignition  side  of 
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the  piston.  At  the  same  time  the  charge  of  previously  burned 
gums  m  escaping  through  the  port  E,  The  compression  Is 
completed    in    the   working    cylinder  C,    after  the  piston  has 

closed  the  traniifer  port  A^  Ignition 
occurs  at  the  beginning  of  the  out 
stroke  and  when  the  piston  and  vol- 
ume in  the  working  cylinder  are  sta- 
tionary as  in  the  preceding  case.  In 
the  action  of  this  engine  suction 
takes  place  below  the  piston  at  the 
same  time  that  compression  takes 
place  abo%^e,  and  compression  takes 
place  below  tlie  piston  at  the  time  of 
expansion  above,  as  shown  by  the 
diagram  of  the  crank  circle  in  the 
figure.  In  certain  large  engines  which 
are  now  made  to  operate  on  the  two- 
stroke  cycle  system  the  suction  and 
preliminary  compression  of  the 
charge*  which  ia  performed  in  the 
engine  just  described  by  the  work- 
ing piston,  is  performed  in  a 
separate  cylinder,  the  compression 
being  completed  in  the  w^orking 
cylinder. 

The  method  of  igniting  the  charge  in  common  use  will  be 
descril^ed  at  length  hiter  in  the  book.  In  the  class  of  engines  re- 
ferred to  it  consists  of  means  for  firing  the  charge  instantaneoa^ly 
when  under  compression,  and  with  its  volume  constant  by  an 
electric  sparky  a  hot  tube,  or  an  open  flame. 

Engines  Igniting  tub  Charge  at  Constant  Pbessube.  — 
The  only  engine  of  this  class  of  practical  importance  is  tha 
Bray  ton,  although  under  nmny  conditions  the  Diesel  engine 
ignites  under  constant  pressure.  The  Brayton  engine  w*as  at 
one  time  used  extensively  in  America  but  is  not  now  manufac- 
tured. In  this  engine  I  he  combustible  and  air  for  supporting 
combustion  were  supplied  to  the  working  cylinder  under  pressure 
which  remained  constant  until  the  inlet  valve  closed;  the  com- 
bust  ion  taking  place  during  the  admission  of  the  air  and  eom- 
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Fio.  I- 14 , — Two-cycle  En  gi  ne . 
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btjstible.  The  work  is  performed  by  pressure  acting  during 
iQcrease  of  volume  in  much  the  same  manner  as  in  the  steam 
engine-  In  the  Braj^on  engine,  one  form  of  wliich  is  shown 
in  Fig,  1-15|  the  compression  is  performed  in  a  compressor 
distinct  from  the  working  cylinder,  and  the  heat  is  supplied 
at  constant  pressure^  In  the  figure  B  is  the  working  piston 
arranged  to  move  in  the  cylinder  A,  The  lower  part  of 
the  cylinder  A  is  the  working  cylinder,  the  upper  part,  the  air 
compressor  which  is  arranged  to  deliver  air  into  the  reservoir  C* 


Fia.  1-15. — The  Brayton  Engine, 


Oil  h  injectefl  by  the  pump  G  into  a  vaporizinia;  device  (shown  on 
a  larger  scale  in  3  of  Fig,  1-15)  when  it  comes  in  contact  with 
rompn^i^ijeil  air  fn>ni  the  rei^ervoir  C  The  inlet  valve  b  and  ex- 
haust  valve  c  are  operated  by  suitable  cams  on  the  cam  shaft  £\ 

KkuINES     IciNlTlNCi     THK     ChaRISI-:     AT    COiVSTANT     T>:MPERA'- 

TIT  UK,  —  Another  class  of  engine,  patented  by  Diesel,  is  ar- 
ranged  to  supply  the  fuel  during  a  portion  of  the  working  stroke 
at  such  a  rate  as  to  maintain  the  temperature  constant ^  the 
working  cylinder  having  previously  been  filled  with  air  during 
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a  suction  stroke  and  compressed  during  a  return  stroke.  In  the 
Diesel  engine  the  compression  is  sufficient  to  raise  the  air  to  a 
temperature  high  enough  to  ignite  the  fuel  as  it  enters  the 
working  cylinder. 

The  Brayton  engine  as  above  described  is  a  two-stroke  cycle 
engine  and  the  Diesel  a  four-stroke  cycle  engine,  but  both  engines  < 
could  be  cuns^structed  to  operate  with  either  cycle, 

17.  The  Engine  Indicator,  —  Thisi^  is  an  instrument  de- 
signed to  draw  a  diagram  with  ordinates  proportional  to  the 
pressure  which  acts  inside  the  cylinder  at  each  point  during  the 
working  and  return  stroke  of  the  piston.  It  is  briefly  described 
here  in  order  to  give  the  student  an  idea  of  the  method  of  ob- ] 
taining  the  pressure  volume  diagrams  which  are  frequently  re- 
ferred tti  in  the  work. 

It  consists  essentially  of  (I)  a  part  carrying  a  sheet  of  paper 
which  is  moved  by  projver  nieelianisni  in  corresponding  directions 
and  proportional  to  the  piston  of  the  en- 
gine 1  and  of  (2)  a  part  which  carries  a  pen- 
cil which  is  moved  a  distance  proportional 
to  the  pressure  per  square  inch  acting  upon 
the  piston. 

The  engine  indicator  was  first  designed 
by  James  Walt,  substantially  as  shown  in 
Fig.  1-16,  This  indicator  was  constructed 
with  (1)  a  flat  plate,  D  B,  on  which  paper 
could  be  mounted  which  was  moved  in 
proportion  to  the  motion  of  the  engine  1 
piston,  and  (2)  a  cylinder  A  A  which  could 
be  put  in  communication  with  the  working 
cylinder  of  the  engine  by  a  three-way  cock 
//  and  pipe  B.  In  the  cylinder  ^4  44  was  a 
I>i.ston  ^hose  motion  was  resisted  by  a 
spiral  spring  arranged  to  carry  on  its  piston  ] 
rod  a  pencil  so  constructed  as  to  draw  a 
diagram  on  the  moving  plate  with  ordinates 
proportional  to  the  pressure* 

The  cock  H  can  be  turned  so  as  tf>  put 
the  cylinder  A  A  in  eommunication  with  the  air  for  the  purpose 
of  drawing  a  line  showing  the  atmospheric  pressure,  which  is  caUedj 


Fig,  1-15,  — The  Wntt 
Engine  Indicator. 
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the  "atmospheric  line."  This  simple  form  of  indicator,  although 
coniaitiing  the  essential  elements  of  the  modern  indicator,  wa^  crude 
in  constnietion  and  gave  results 
which  were  far  from  accurate. 

The  modern  indicator  is  an  in- 
strument of  precision,  and  differs 
principally  from  that  designed  by 
Watt  by  the  substitution  of  a  (I) 
oscillating  drum,  trailed  the  paper 
drum  I  for  the  flat  reciprocating 
plate^  for  carrying  the  paper, 
(2)  of  movable  indicator  ijprings  in 
place  of  a  fixed  one,  making  it 
possible  to  regulate  the  length  of 
the  ordinat«^s^  and  (3)  a  multiply- 
ing pencil  motion  in  place  of  the 
direct  one,  whereby  the  motion  of 
the  pencil  on  the  indicator  drum  is 
made  greater  than  that  of  the  imii- 
cator  piston. 


Fio. 


1-17.  —  The  Thumpaon 
Indicator. 


Fio.  1-ia  —  Tbe  Thompson  Indicator. 

A  sectional  and  perspeetive  view  of  the  Thompson  indicator, 
made   by   the   American   Steam   Gauge  &  Valve  Company ^  is 
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Fig.  1-19,— The  Crosby 
Indicator* 


shown   in    Figs.    1-17  an(l,l-lS.     A  perspective   view  of    the 
Crosby  indicator,  which  dilTers  from  the  Thompson  prineipaUjl 

ill  the  construction  of  the  indU 
cator  spring  and  pencil  motion, 
is  shown  in  Fig.  1-19.  For  gas 
engine  work  the  indicator  spring 
is  liable  to  be  injured  by  heat.  To 
lessen  these  difficulties  most  of  the 
makei^  supply  indicators  with  ex- 
ternal springs,  as  shown  in  the 
attached  view  of  the  Tabor  indi- 
cator, Fig.  1-20.  J 
The  authors  have  found  from' 
an  extensive  experience  in  indicat- 
ing gas  engines  that  the  indicator 
spring  when  arranged  aa  in  Fig. 
1-17  can  be  kept  from  injury  by  surrotinding  the  working 
cylinder  with  a  water  jacket  or  cup  filled  with  wat€r< 
The  indicator  cylinder  is  connec- 
ted to  the  working  cylinder  by  a 
pipe  containing  an  indicator  cock, 
which  is  arranged  as  in  the  Watt 
indicator  to  connect  either  with 
the  air  or  the  engine.  The  indi- 
cator drum  is  usually  connected  to 
some  form  of  reducing  motion  by 
the  indicator  cord,  which  w^ill  move 
the  surface  of  the  drum  proportional 
to  the  motion  of  the  piston  and  not 
to  exceed  two  or  three  inchesi  re- 
gardless of  the  stroke  of  the  piston. 
Several  forms  of  reducing  motions 
with  schemes  for  connecting  will 
be  shown  in  the  chapter  on  the 
testing  of  gas  engines,  but  will 
not  be  further  referred  to  here. 

The  class  of  engine  indicator  as  described  abo\'e  is  not  adaptc 
to  take  diagrams  at  extremely  high  speeds  berause  of  the  inertii 
of  the  moving  parts  and  because  of  the  error  due  to  stretchir 


Fio.    1-20.— The  Tabor    Indi- 
cator with  Extanial  Spring, 
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of  cords  or  flexible  parts  which  connect  the  paper  drum  to  the 
moving  parts  of  the  engine.  For  high  speeds  the  optical  indica- 
tor IS  preferable. 

The  ojitical  indkator  has  been  designed  so  that  the  only  mov- 
ing part  is  a  small  mirror  which  is  arranged  so  as  to  project  a  ray 
of  light  on  a  grouttd  glass  screen  or  on  a  photographic  plate. 


H 


Fig,  1-21. — Perspective  View  of  Manograph. 

The  mirror  is  moved  in  one  direction  an  amount  proportional  to 
the  pressure  acting  on  the  piston  of  the  engine,  and  iii  a  direction 
at  right  angles  an  amount  in  proportion  to  the  motion  of  the 
piston,  so  that  the  joint  movement  is  proportional  to  the  pressure 
voliime  diagram,  the  area  of  which   represents  the  mechanical 

I    work  performetl   by  the  working  fluid   in  the  engine  cylinder, 
I    Such  indicators  are  affected  only  to  a  slight  degree  by  the  rotative 
spf>ed  of  the  engine. 

There  are  two  instniments  of  this  class  on  the  market,  one  the 
Manograph,  manufactured  by  J.  Charpentier,  Rue  de  Lambre, 
20,  Paris,  the  other  the  Optiscke  Indimlorf  constructed  by  the 


Fig.  1-22.^- Hon Eont^l  Section  of  Manograph, 
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Pig.  1-23,  is  connected  by  a  pin  with  the  diaphragm  M^  which  is 
in  coramiinication  with  the  engine  C3iinder,  so  as  to  be  tilted  in 
one  direction  an  amount  proportional  to  the  change  of  pr^sure 
in  the  engine  cyUnden  The  mirror  N  is  also  tilted  in  a  direction 
at  right  angles  to  the  first  motion  by  means  of  a  crank  with  lever 
connection  which  is  rotated  from  the  shaft  in  proportion  to  the 
motion  of  the  engine*    The  motion  of  the  small  crank  can  be  set 


Fig.  1-25  — Diagram  with  Manograph. 

in  phase  with  that  of  the  engine  crank  by  the  thumb  screw  F  bo 
that  it  will  give  a  motion  directly  proportioniil  to  the  piston  of 
the  engine.  To  make  the  errors  as  small  m  po&^ible  the  angular 
motion  of  the  mirror  is  made  very  smalL  The  pressure  scale  of 
the  manograph  should  be  determined  by  carefully  comparing  the 
phoiographic  Jia^rani  with  a  known  presi^ure.    The  instrument 


FiG.  1-26.  —  Optical  Indicator* 

is  arranged  to  give  a  diagram  which  would  have  exactly  correct 
pro jKjrt ions  when  the  connecting  rod  has  a  length  4.5  time^  that 
of  the  crank,  which  is  nearly  the  average  proportions  in  actual 
practice  and  would  make  the  resulting  error  small  for  other 
conditions. 

Figure  1-25  represents  a  diagram  taken  with  the  Manograph 
from  an  engine  making  1500  turns  per  minute  and  giving  a  maxi- 
mum pressure  corresponding  to  158  pounds  per  square  inch. 
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The  Optische  Indicator  differs  from  the  Manograph  princi- 
pally in  details  of  construction.  Its  general  appearance  is  shown 
in  Fig.  1-26.  A  diagram  taken  from  a  motor  operated  with 
gasoline  making  1000  turns  per  minute  is  shown  in  Fig.  1-27, 
the  pressure  scale  of  which  is  about  120  pounds  per  square 
inch. 


FiQ.  1-27.  —  Diagram   with 
Optical  Indicator. 

18.  Indicated    and    Brake    or    Delivered    Horse-Power.  — 

The  indicated  horse-power  which  is  generally  denoted  by  the 
symbol  I.  H.P.  is  proportional  to  the  area  of  the  diagram  obtained 
by  use  of  the  engine  indicator,  since  this  diagram  has  ordi- 
nates  which  are  proportional  to  the  pressures  acting  upon 
the  engine  piston  at  each  point  during  the  working  and  return 
strokes,  and  abscissa  proportional  to  the  corresponding  space 
moved  through  by  the  engine  piston. 

The  indicated  horse-power  (I.  H.  P.)  is  computed  by  use  of 
the  formula 

I.  H.P.  =-P^ 
33000 

in  which  p  =  the  mean  effective  pressure  (m.  e.  p.)  for  the 

cycle  of  operation,  acting  on  each  square 
inch  of  the  piston. 
I  =  length  of  stroke  in  feet. 
a  =  not  area  of  piston  in  square  inches, 
n  =  number  of  cycles  per  minute. 
33,000  =  number  of  foot-pounds    per    minute  in  one 
horse-power. 
The  mean  effective  pressure  (m.  e.  p.)  is  the  mean  ordinate 


INTRODUCTION,  DEFINITIONS,  ETC. 


39 


for  all  the  strokes  conatituting  the  cycle  multiplied  by  the 
proper  pressure  scale;  it  is  Ijest  obtained  by  finding  the  net  area 
by  use  of  a  planimeiir  (an  instninient  which  will  be  ilescrihed 
later),  which  is  to  be  divided  by  the  length  of  the  diagram  and 
multiplied  by  the  scale  of  the  indicator  spring.  The  other 
quantities  in  the  formulee  depend  upon  the  dimensions  and  speed 
of  the  engine. 

The  brake  or  dynameirie  horsi-powcTt  for  which  the  symbol 
in  this  work  will  be  D.  H.  P.,  is  that  delivered  from  the  main 
ehaft  of  the  engine  and  is  consequently  less  than  the  indicated 
horse-power  by  an  amount  equal  to  the  engine  friction  and 
internal  losses. 

The  brake  horse-power  is  usually  measured  by  use  of  a  spe- 
cial form  of  absorption  dynamometer  known  as  the  Prony  brake. 
Various   forma    of    this    brake  have   been  employed »  of  which 
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Fig.  1-28,  —  A  Prony  3rake. 

two  only  arc  considered  in  this  place.  One  form  is  shown  in  the 
diagram  Fig.  1-28,  w^hich  consists  of  a  series  of  blocks  connected 
by  a  leather  strap  or  strip  of  iron  and  arranged  so  as  to  rub  on 
the  surface  of  a  wheel  attached  to  the  main  shaft.  The  brake  is 
providetl  with  two  arms,  the  free  end  of  which  rests  on  a  pair  of 
icalea.  The  amount  of  friction  may  be  varied  by  use  of  a  hand 
wheel  or  similar  device  as  shown  at  ^S".  The  horizontal  distance 
from  the  center  of  the  wlveel  to  the  end  of  the  arms  is  known  as 
the  arm  of  the  brake  and  is  denoted  in  the  formulae  which  fol- 
low by  a.  In  the  use  of  the  brake  the  load  is  applied  by  turning 
the  screw*  and  i§  measured  by  the  reading  on  the  weighing  scale. 
In  a  brake  with  the  arm  on  one  side  only,  as  shown  in  the  figure, 
the  anjouiit  required  to  balance  the  overhanging  brake  arm 
must  be  deiiucted  from  the  reading  of  the  scales  to  give  the  net 
load. 
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The  horse-power  is  calculated  from  the  formula 

D  H    P       2  IT  g  n  ly 
"  ■  ~     33000 

in  which  n    =  number  of  revolutions  per  minute, 
a    =  the  brake  arm  in  feet- 
W  =  the  net  load  on  scales  corrected  for  unbalanced 
effect  of  brake. 

Another  form  of  brake  is  shown  in  diagram,  Fig.  1-29,  which 
is  convenient  for  testing  small  engines.  It 
consists  of  a  rope  or  Ktrap  which  makes 
one  or  more  turns  around  the  wheel,  the 
tension  or  pull  on  both  ends  of  which  must 
\ye  known  or  measured.  In  the  form  show^n 
a  weight  of  known  amount .  w%  is  applied 
at  one  end,  and  a  spring  balance  is  em- 
ploy eil  to  measure  the  resistance  at  the 
other  end. 

The  formula  for  this  brake  is  as  fol- 
lows : 

2  irr  n  (W-w) 


---©^ 


Fig 


1-29.— The 
Brake. 


Rope 


D,  H.  p.  - 


33000 

in  which  r    =  radius  of  the  wheel  in  feet  to  center  of  strap. 
W  =  the  principal  scale  reading. 
w    =  the  lesser  scale  reading  or  weight  carried* 

In  a  modification  of  this  brake  the  principal  tension  is  received 
by  a  framework  resting  on  a  pair  of  scales,  and  the  smaller  resist- 
ance is  abs(jrl>cd  by  an  upward  pull  on  the  platform  of  the  same 
scales.  With  this  arrangement  the  scale  reading  gives  directly 
the  difference  of  weights  W  —  w. 

In  the  use  of  the  Prony  brake  heat  is  generated  equivalent  to  ' 
the  mechanical  work  absorbed*     If  the  load  is  heavy  it  will  be 
necessary  to  circulate  water  or  some  other  heat- removing  fluid 
inside  of  the  rim  of  the  revolving  wheel  or  in  some  equivalent 
place, 

19,  Forms  of  Indicator  Diagrams,  —  A  few  of  the  typical 
forms  of  indicator  diagrams  are  considered  in  this  place  for  the 
purpose  of  making  the  student  familiar  with  the  subject.  They 
will  be  discussed  at  length  later  in  the  work. 
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Figure  1-30  is  a  hypothetical  diagram  of  a  four-cycle  explosion 
engine  with  the  events  which  take  place  on  the  various  strokes 
marked.  Thus  the  suction  stroke  is  represented  hy  d  e^  the  com- 
pression by  €  f,  the  explosion  by  /  a,  the  expansion  by  a  fc, 
the  exhaust  by  bed.  The  atmospheric  line  not  clearly  shown  in 
the  diagram  would  occupy  a  position  intermediate  between  c  d 
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FiG.   1-30.  —  Four-cyele  Engine. 

and  e  d.  The  lines  c  d  and  e  d  on  the  indicator  usually  coincide 
with  the  atmospheric  line  for  the  reason  that  the  spring  used  is 
too  stiff  to  show  such  small  variations  in  pressure  as  exist  between 
the  atmospheric  line  and  the  exhaust  und  suction  lines. 

Figure  1-31  shows  diagrams  of  a  two-cycle  explosion  engine 
in  which  the  upper  diagram,  abcf,  is  taken  in  the  working  cyl- 
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Fio,  1^31*  —  Two-cycle  Engine  Piagram. 

inder,  and  the  lower  diagram,  e'  /',  in  the  compressor.  In  this 
diagram  the  net  work  is  the  difference  between  that  shown  on 
the  first  diagram  and  that  on  the  second. 

Figures  1-32  and  1-33  are  diagrams  f  mm  a  Brayton  or  constant 
pressure  engine,  Fig,  1-32  being  taken  from  the  working  cylinder 
and  Fig.  1-33  from  the  compression  cylinder »     It  will  be  noted 
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from  Fig.  1-32  that  the  pressure  remains  constant  from  a  to  a', 
at  which  time  communication  is  cut  off  from  the  compressor, 
after  which  the  fluid  expands  from  a'  to  c  in  much  the  same 


Fig.  1-32.  —  Diagram  from  Brayton  Working  Cylinder. 

manner  as  in  the  steam  engine.    The  net  work  is  proportional 
to  the  difference  of  the  areas  of  the  two  diagrams. 


FiQ.  1-33.  —  Diagram  from  Brayton  Compressor. 

Figure  1-34  is  a  diagram  from  a  Diesel  engine  in  which  the 
temperature  is  supposed  to  be  constant  during  that  portion  of 
the  stroke  represented  by  a  6,  during  which  time  fuel  is  being  sup- 
plied to  the  working  cylinder. 


Fig.  1-34.  —  Diesel  Engine  Diagram. 

Figure  1-35  is  a  diagram  from  a  steam  engine,  the  expansion 
line  of  which  as  referred  to  an  hyperbola,  ce  f  g  h,  which  is  asymp- 
totic to  the  line  of  no  pressure,  C  D,  and  of  no  volume,  C  B. 
Points  in  the  hyperbolft  are  obtained  if  the  initial  point,  c,  is 


INTRODUCTION,  DEFINITIONS,  ETC. 


43 


known,  by  drawing  a  vertical  from  c;  then  from  C  draw  diagonals 
crossing  c  b  and  A  B,  The  intersection  of  a  horizontal  line  from 
the  intersection  of  the  diagonal  and  c  b,  with  a  vertical  line  from 


Fio.  1-35.  —  Method  of  Drawing  Hyperbola. 

the  intersection  of  the  same  diagonal  and  the  line  A  B,  give  points 
in  the  hyperbola. 

Another  method  of  drawing  an  hyperbola  is  shown  in  Fig.  1-36, 


FiQ.  1-36.  —  Method  of  Drawing  an  Hyperbola. 

which  represents  an  indicator  diagram  referred  to  lines  of  no 
volume  and  no  pressure.  This  method  is  founded  on  the  prin- 
ciple that  the  intercepts  made  by  a  straight  line  intersecting  an 
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hyperbola  and  its  asymptotes  are  equal.  Beginning  at  any 
point  as  a,  draw  the  straight  line,  a'  V,  and  lay  off  from  the  line 
CD,  b'  b  equal  to  a'  a,  then  will  6  be  a  point  in  the  hyper- 
bola. Draw  a  similar  line  through  b  as  c'  d'  and  find  another 
point  as  c.  Repeat  the  method  until  all  the  points  required  for 
drawing  the  curve  are  found. 

The  hyperbola  is  a  useful  line  of  reference  in  connection  with 
indicator  diagrams.  As  will  be  shown  later,  it  represents  the 
condition  of  isothermal  expansion  in  the  gas  engine. 


CHAPTER  II 


THERMODYNAMICS    OP    THE    GAS    ENCmil 

I,  Notation.  —  In  Older  to   comprehend  the  limitations   of 
the  actual  engine  it  is  necessary  to  understand  how  the  working 

fluid  behaves  when  subject  to  definite  changes  in  an  engine  un- 
affected by  friction  or  meehanictil  limitations,  and  we  will  for 
that  reason  give  attention  to  the  theoretical  considerations  relat- 
ting  tci  the  ** internal  combustion  engine"  which  forms  part  of 
the  science  of  Thermodynamics. 

In  the  consideration  of  the  theoretical  action  of  a  perfect 
engine  the  following  symbols  will  be  used: 

A     —  ihe  reciprocal  of  the  meehanical  equivalent  of  heat. 
a     —  the  aVisotute  temperature  of  the  freexiTig-|K>iiit   =  273  C-  or  492  F. 
€p   "  the  specific  heat  of  con.'^tant  presaure  in  hejit  unit^^ 
C*f    ^  the  specific  heat  of  constant  volume  in  heat  units. 
J     ^  mech&nhni  equivalent  of  lieat  =  778  in  foot-pounds  =  425  K.  G,  M. 
Kp  —  specific  hetit  of  conwttint  pn^siHure  in  niechauleal  units, 
JCv  ^  the  mechanicai  hcfit  at  constant  vohiine  in  mechanical  units. 
p     ^  aljfiolute  presHure  for  condition  denoted  1»y  post'Sciipt. 
?-=  absolute  pre^ure  at  freezing-point. 
—  ttuB  total  heat  of  a  gi%'en  m^m. 
«  a  constant  for  a  given  g^as. 
=  absolute  temperature* 

=  temperature  Fahrenheit  or  Centtgrade  as  marked. 
m     —  vatume  of  a  given  nmm  of  gaa^  ita  condition  lieing  denoted  by  po^acipt. 
^m     ffo    "  *hc  volume  of  a  given  maaa  of  gm  at  frci?'zing-point* 
^M    §W  »  the  mechanical  work  perrortncil  in  mDchanical  units, 
^K  I  ^*'  ~  ^^^  mechanical  work  in  heat  units. 

^ml  a     ^  the  t-oefficient  of  expanmon  of  a  perfect  f^s  =  the  reciprocal  of  a. 
^H    7     «  spccifir  heat  of  constant  pressure  divided  hy  the  specific  heat  of  constant 
^m  volume- 

*  2.    Charflcteristlcs     of     Perfect     Gas€S.  —  In     an     internal 

combustion  engine  the  work  is  produced  by  the  change  of  volume 
and  pressure  of  a  gaseoiis  mixture  compoaed  of  atmospheric  air 
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and  the  various  products  of  combustion.  This  gas  mixture, 
within  the  working  limits  of  temperature,  is  obedient  to  the 
laws  of  the  perfect  gases,  and  for  that  reason  in  any  theory  of  the 
internal  combustion  engine  we  are  principally  concerned  with 
such  laws  and  with  the  changes  of  volume  and  pressure  in  a  per- 
fect gas,  in  relation  to  its  change  of  temperature. 

By  combining  Boyle's  law  with  Gay-Lussac*s  law  it  is  learned 
that  the  product  of  pressure  and  volume  of  a  given  mass  of  a 
perfect  gas  varies  directly  as  its  absolute  temperature,  that  is: 

pv  =  PoVo   (1  +  a  0  (1) 

in  which  p  equals  the  absolute  pressure  and  v  the  volume  of  a 
given  mass  of  gas  at  a  temperature,  ^,  above  the  freezing-point, 
p^  and  v^  represent  the  pressure  and  volume  of  the  same  mass 
at  the  freezing-point,  and  a  represents  the  coefficient  of  expan- 
sion of  the  gas  per  degree  of  absolute  temperature.  As  has 
already  been  shown  a  will  equal  when  expressed  in  the  Centi- 
grade system  the  reciprocal  of  273  and  when  expressed  in  the 
Fahrenheit  system  the  reciprocal  of  492.  If  we  denote  the 
number  of  degrees  between  the  freezing-point  and  absolute  zero 
by  a,  then  from  the  preceding  explanation  a  will  equal  the  re- 
ciprocal of  a.     If  we  denote  the  absolute  temperature  by  T  we 

shall  have 

T  =  a  +  L  (2) 

substituting — for  a  in  equation  (1)  we  have 
a 

pv Mo.(a  +  t)=^^T  (^ 

7)  V 

in  the  above  equation  — ^-^  is  a  constant  for  each  gas. 

a  ■ 

i 

Let  fl  =  ^!^  (4) 

a 

then  we  have  jrv  =  RT.  (5)^ 


The  above  equation  may  be  considered  the  characteristic 
equation  of  a  perfect  gas,  since  it  shows  the  relations  between  the 
pressure,  volume  and  absolute  temperature. 

/?  is  a  constant  which  depends  on  the  nature  of  the  gas  and 


N 


THERMODYNAMICS  OF  THE  GAS  ENGINE 


47 


can  be  computed  if  the  specific  pressure,  Po,  and  specific  volume, 
Vq  at  standard  pressures  and  temperatures  are  known. 

It  follows  from  the  above  that,  p{Vi  =  RTi,  from  which  by 
comparing  with  (5) 


pv:p,v,::T,:T 


(5a) 


The  specific  pressure  p^  ^  ^^^  weight  of  the  atmosphere  at  the 
freezing-point  under  normal  conditions;  it  is  equivalent  to  that  of 
a  column  of  mercury  760  mm.  high  (29.921  inches).  This  re- 
duced to  pressure  per  unit  of  area  is 

Pq  =  10333  kilograms  per  square  meter; 

or  in  English  units, 

Pq  =  2146.32  pounds  per  square  foot. 

=     14.696  pounds  per  square  inch. 

=     29.921  inches  of  mercury. 

The  specific  volume  is  determined  from  the  density  of  the 
gas.  The  following  table  gives  the  specific  volume  in  Metric  and 
English  measures  for  some  of  the  more  common  gases: 


Value  of  Vq  at  Lat.  45® 


Cubic  meters  per 
Kilogram 

Cubic  feet 
per  Pound 

0.7735327 

12.3909 

0.7963291 

12.7561 

0.6996231 

11.2070 

1.116705 

178.881 

0.5058741 

8.10324 

Air   

Nitrogen  (N) 

Oxygen  (O) 

Hydrogen  (H) 

Carbonic  Acid  (COj) 


By  substituting  the  values  of  p^v^y  and  a  in  the  equation  R  = 

^*  the  value  of  R  can  be  found. 
a 

Thus  for  air,  in  French  units 

R  =  10333   X  0.77353  ^  273  =  29.20  ; 
in  English  units 

R  =  2116.3  X    12.391  h-  492  =  53.22. 
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The  following  table  gives  values  of  R  for  a  few  gases: 


Values  op  R 


EnffUsh 


Metric 


Hydrogen  (H) 

Oxygen  (O) 

Carbon-dioxide  (CO,) 
Air   


770.3 
48.74 
35.41 
53.22 


422.68 
26.475 
19.43 
29.20 


The  following  table  showing  the  specific  heat  of  the  ordinary 
gases  is  inserted  here  for  convenience: 

Table  of  Specific  Heats 


Name  of  Gas 


Symbol 

Specific  Heat 

£± 

ConsUnt 
Pressure 

ConsUnt 

Volume 

Cv 

y 

0.2375 

0.1684 

1.406 

0 

0.2175 

0.1552 

1.403 

N 

0.2438 

0.1727 

1.416 

H 

3.4090 

2.4110 

1.414 

NO 

0.2317 

0.1652 

1.402 

CO 

0.2450 

0.1736 

1.413 

CO, 

0.2169 

0.1720 

1.261 

H,0  (saturated) 

0.4805 

0.3700 

1.298 

CS, 

0.1569 

0.1310 

1.198 

C,H, 

0.4040 

0.3590 

1.125 

NH, 

0.5084 

0.3910 

1.300 

CHjOe 

0.4534 

0.4100 

1.150 

Air   

Oxygen    

Nitrogen    

Hydrogen    

Nitric  oxide 

Carbonic  oxide . . . 
Carl)on  dioxide  . . 
Steam 

Di sulphide  carbon 

Olefiant  gas 

Ammonia 

Alcohol    


As  before  noted,  the  specific  heat  of  gases  increases  with  the 
tenii)erature  and  possibly  also  with  the  pressure,  which  law  will 
be  referred  to  in  discussing  the  application  to  special  cases.  The 
expanding  i)roducts  of  combustion  in  a  gas  engine  are  composed 
of  N-COj  HjO  and  possibly  a  trace  of  NO,  for  this  reason,  the 
value  of  Cp/C^  =  y  is  often  taken  for  a  gas  engine  as  1.37. 

3.  General  Relations  of  Heat  Transmission  to  Changes  of 
Volume  and  Pressure.  —  When  a  quantity  of  heat  dQ  is 
sup{)lied  to  a  mass  of  gas  it  produces  a  complex  result;  the  heat 
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warms  the  gas  and  raises  its  temperature,  at  the  same  time  per- 
forming internal  work  by  overcoming  the  molecular  forces;  it 
then  develops  external  work,  which  is  made  apparent  by  the 
expaELsioQ  of  the  gas  against  an  external  resistance.  Denoting 
by  dU  the  quantity  of  heat  employed  in  w^armiag  the  gas  and  in 
molectilar  work  we  will  have 

dQ  =  dU^Ajidv, 

in  which  pdv  is  the  external  work  expressed  in  mechanical  units 
and  A  pdv  its  equivalent  in  heat  units. 

In  the  operation  of  a  gas  engine  the  mass  of  gas  eonstittiting 
the  working  substance  expands  during  each  cycle  from  one 
volume  to  another,  passing  through  a  scries  of  successive  changes 
of  volume  and  pressure,  and  finally  returns  to  its  initial  state. 
It  is  evident  that  when  the  mass  returns  to  its  initial  state  that 

the  quantity  represented  hyjdU  is  equal  to  zero.  For  this  condi- 
tion we  shall  have  .^        .    , 

dQ  =  A  pdv. 

Calling  U  the  internal  heat  of  the  gas,  which  has  already  been 
ahown  to  be  a  function  of  the  volume  pressure  and  temperature^ 
•  we  have  -r       1 1         *  \ 

Since  t  can  be  determined  from  the  values  of  p  and  v  as  indicated 
In  equation  5,  we  can  consider  that  in  practice  f/  is  a  function 
only  of  V  and  p  and  may  write 

The  increase  of  internal  heat  for  a  variation  of  volume  dv 
and  of  pressure  d  p  may  be  expressed  as  a  total  differential  of  the 
function,  /,  and  we  have 

drr  dU 

(6) 


dU  —  ^^  dv  +  -r-  dp 

dp    ^ 


dv 


By  substituting  the  above  value  in  the  expression  d  Q  the  thermal 
L.«tale  of  the  gas  may  be  represented  as  follows: 


dQ=  j^  dv  +  -     dp  +  Apdv 


dv 


or 


*--.^"+(r+^'')'"' 


m 
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It  may  be  noted  that  the  above  equation  cannot  be  integrated 
in  its  present  form  unless  Q  can  be  expressed  as  a  function  of  the 
initial  and  final  volumes  and  pressures  of  the  gas.  This  demon- 
strates that  the  expenditure  of  heat  required  to  make  a  gas  pass 
from  one  state  to  another  cannot  be  deduced  from  a  knowledge 
of  the  extreme  states,  if  one  does  not  know  the  order  and  relation 
of  the  intermediate  states. 

The  heat  transferred  at  constant  volume  is  equal  to  the  specific 
heat  C^  multiplied  by  the  change  of  temperature.  That  is,  Q  = 
Cv  (^1  —  T),  from  which  dQ  =  C^dt.  For  a  similar  reason  that 
transferred  at  constant  pressure 

Q    ^C,{T,-T) 
dQ  =  Cpdt. 

For  the  condition  of  transfer  of  heai  ai  constant  volume,  dv  of 
equation  (7)  will  equal  0,  and  equation  (7)  will  become 

^n       dU   . 
dQ--^~dp 

Since  the  heat  interchange  for  this  case  takes  place  at  constant 
volume,  it  has  been  shown  that 

dQ  =  C^dt, 

By  placing  these  two  values  of  dQ  equal  we  have 

^-~d^  ^  dp  ^^^ 

from  which  the  value  of  -j-     for  heat  interchanges  at  constant 

volume  can  be  found. 

For  the  transfer  of  heat  at  cortstant  pressure  the  temperature 
changes  take  place  without  change  of  pressure,  in  which  case 
dp  oi  equation  (7)  =  0,  and  we  have  by  substitution 


'^^  =  (f +  ^0^^^ 


Since  the  heat  interchange  for  this  case  takes  place  at  constant 
pressure,  dQ  =  Cpdl,  and  by  substitution 
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from  which  the  value  of  —7-  for  heat  transformation  at  constant 

dv 

pressure  can  be  obtained. 

Substituting  the  values  of  equations  (8)  and  (9)  in  equation 

(7)  we  have  ,  ,, 

dQ  =  c4+c,A.  (10) 

which  gives  the  value  of  the  heat  interchange  for  successive 
changes  of  pressure  and  volume,  which  can  be  reduced  as  follows: 

From  equation  (5)  pv    =  RT, 

from  which  vdp  =  Rdt  when  v  is  constant, 

or  pdv  =  Rdt  when  p  is  constant ; 
from  which  it  follows, 

dt       V  J  dt       p 

Substituting  the  above  values  in  equation  (10)  we  have 

dQ  =-|(C,i;Jp  +  C.pdv)  (11) 

It  can  be  shown  that 

Cp-C^^  AR. 

By  substituting  the  above  value  and  those  of  equation  (5)  we 
will  have  j, 

dQ  =  C^dt  +  (C^  -  C^)-^dv  (11a) 

4.  Transformation  to  Diflferent  States.  —  The  modes  of 
transformation  from  one  state  to  another  are  various,  depending 
on  the  relations  of  the  volume  to  the  pressure  at  diflferent  points, 
which  may  vary  infinitely.  The  temperature,  t,  of  the  gas  is 
always  determined  by  the  relation  of  v  to  p  by  equation  (5). 

For  simplicity  of  treatment  and  for  producing  a  standard  for 
comparison  it  is  assumed  that  the  changes  in  the  relations  of 
volume,  pressure,  and  temperature  take  place  with  one  of  the 
variables  constant  in  the  general  equation  (5a),  which  is 

-2^  =  1-  (5a) 

If  the  volume  remains  constant  during  the  transformation  »  =  r„ 

and  „       T 

]L=J .  (12) 
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which  is  the  equation  for  constant-volume  conditions.  If  the 
pressure  remain  constant,  p  »  Pi  and 

which  is  the  equation  for  constant-pressure  conditions.  If  the 
temperature  remain  constant,  which  latter  is  termed  an  isothermal 
condition,  T  =  T.. 

-P=J^  (14) 

Pi      V 

which  is  the  equaiion  of  an  isothermal  line  for  a  perfect  gas  in  a 
pressure-volume  diagram. 

Another  standard  of  comparison  is  the  transformation  in 
pressure,  volume  or  temperature  which  takes  place  without  gain 
or  loss  of  heat.  This  latter  condition  is  called  adiabatic  and  cor- 
responds to  that  of  constant  entropy.  It  represents  the  conditions 
of  the  equation  (11)  when  dQ  =  0,  in  which  case 

C^vdp  +  Cppdv  =  0 

n 
vdp  +  p^pdv  =  0 

Substitute  y  for  -^^  then 

vdp  +  ypdv  ==  0. 
which  integrated  between  the  limits  p^v^  and  pv  gives 

log.^-=>log.O 

from  which  PiVj*^  ^  pv'^  =  constant  (15) 

which  is  the  equation  of  an  adiabatic  line  for  a  perfect  gas  in  a 
pressure-volume  diagram. 

The  equation  for  adiabatic  transformation  in  terms  of  v  and  T 
can  be  obtained  by  substituting  for  p  and  Pi  the  values  as  given 
in  (5a)  and  reducing,  which  will  give 

m  y~»      m     y-^  (16) 

TV         =  TjVi  ^     ' 

In  a  similar  manner  the  adiabatic  equation  in  terms  of  p  and  T 
can  be  obtained,  which  is  as  follows: 

Tp^^  T.p-T-  (^^) 
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5.  Work  Performed  in  Isothermal  Expansion.  —  The  work, 
W,  performed  when  the  gas  expands  isothermally  from  an 
initial  volume,  t?  to  a  volume  v^  can  be  calculated  as  follows: 

The  general  formula  for  mechanical  work  is 

W  =  J^pdv 
but  as  jw  =  Pi^i  for  isothermal  expansion 

^         V 


W^P^v,/'"^  =  p,v,log/-f  (18) 


Since  pv  =  PiVi  =  RT  this  may  be  written 

Tr  =  ii!riog.^  =  pviog.^ 

The  heat  applied  during  isothermal  expansion  can  be  obtained  by 
making  dt  =  0  and  T  a  constant  in  (11a)  and  integrating.  We 
will  have 


Q  =  iC,-  C.)T  r  ^-  =  (Cp-C;)T  log.  J^^firiog.  I' 


(19) 


This  value  being  the  same  as  that  of  the  external  work  indicates 
that  the  heat  applied  during  isothermal  expansion  is  equivalent  to 
the  external  work  performed. 

It  will  be  noted  from  (18)  that  an  infinite  increase  in  isother- 
mal expansion  will  lead  to  an  infinite  amount  of  work.  Thus 
in  the  equation 

W  =  pv  log«  — 


V 


if  V2  be  made  equal  to  infinity  the  value  of  W  also  becomes  infinite. 

6.  Work  Performed   in  Adiabatic  Expansion.  —  The  work 

performed  when  the  gas  expands  adiabatically  from  an  initial 

volume,  Vj  to  a  volume,  r,,  can  be  found  by  substituting  the  value 

of  1)  =  —  -  from  formula  (15)  as  follows: 
vy 

W  =  £"pdv^v:pS'~  =  -^K-i- --— t) 
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Therefore  ^  =  f^lj  ^  "  0  [  (20) 

For  infinite  adiabatic  expansion  the  work,  TF,  does  not  become 
infinite  as  in  isothermal  expansion,  since  for  this  case  ~  =  0>  and 


W  = 


7-1 


7.  Relations  of  Heat  to  Entropy.  —  The  heat  transfor- 
mations can  be  expressed  as  a  function  of  the  absolute  tempera- 
ture and  entropy,  which  expression  possesses  some  advantages 
for  tracing  heat  interchanges  over  the  pressure-volume  equations. 

For  this  case  the  variables  in  the  equation  become  tempera- 
ture, Ty  and  entropy,  <^,  instead  of  v  and  p  as  in  the  preceding 
cases;  in  the  diagram  representing  such  conditions,  horizontal 
lines  would  represent  equal  temperatures  or  isothermal  conditions, 
while  vertical  lines  would  represent  equal  entropy  or  adiabatic 
conditions.  The  ordinates  in  such  a  diagram  would  then  repre- 
sent temperature,  T,  and  the  abscissa  entropy,  <^. 

Since  the  heat  interchange  d  Q  is  equal  to  the  product  of  the 

absolute  temperature  into  the  corresponding  change  of  entropy, 

we  have 

dQ  =  Td<l> 


<!> 


T 


but  for  gases  dQ  =  Cpdt 

•••  .^-.^'  =  /-^=C,log.^  (21) 

8.  Camot  or  Reversible  Engine,  Second  Law  of  Ther- 
modjmamics.  —  A  reversible  engine  is  one  that  may  be  run  in 
one  direction  so  as  to  transform  heat  into  work,  or  in  the  opposite 
direction  so  as  to  transform  work  into  heat. 

No  actual  heat  engine  is  built  in  this  manner,  since  such  an 
hypothesis  requires  that  all  the  gases  exhausted  shall  pass 
through  all  the  states  in  a  reversed  direction  during  compression 
and  return  to  the  initial  state,  which,  because  of  the  chemical 
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changes  during  combustion,  is  impossible  in  the  internal  combus- 
tion engine.  The  internal  combustion  engine  can  be  considered 
as  approximating  the  theoretical   reversible  engine,  which  thus 

t^^'^omes  useful  as  a  standard  of  comparison. 
For  the  cycle  of  a  reversible  engine 

This  is  the  highest  attainable  result  with  an}^  heat  engine,  since  it 
indicate  that  the  heat  transferred  into  work  from  motion  io 
one  direction  would  be  returned  to  its  source  by  an  equal  amount 
of  work  applied  to  drive  the  engine  in  an  opposite  direction. 
The  above  statement  is  Carnoi's  principle,  which  is  often  called 
the  Sea^nd  Law  of  Thermmlynamics.     It  follows  from  tliis:* 

(1)  All  reversible  engines  working  betw^een  the  same  source 
of  heat  and  refrigerator  ha\^e  equal  efficiencies. 

(2)  The  efficiency  of  a  reversible  engine  is  independent  of 
the  working  substance. 

(3)  A  self-acting  machine  cannot  transfer  heat  from  one  body 
t-o  another  at  a  higher  temperature. 

It  further  follows  from  this  that  for  any  irreversible  engine 
cycle  the  work  for  a  given  expenditure  of  heat  is  less  than  for  a 
reversible  engine;  that  is, 


/ 


T 


in    %vhich    .V   represents  the  mechanical    results    of  the    work 
performed, 

<)*  Orapbical  Relations. — ^The  relations  of  the  heat  inter- 
changes to  the  transformations  of  pressure,  volume,  and  tempera- 
lure  will  be  more  clearly  understood  by  reference  to  a  diagram. 
The  pressure- volume  diagram,  which  has  for  its  ordinates  lines 
corresponding  to  pressure  and  for  its  abscissse  distance  corre- 
sponding to  volumes,  shows  the  conditions  of  uniform  pressure 
by  a  horizontal  line  and  of  constant  volume  by  a  vertical  line. 
On  this  diiigram  an  isothermal  line  is  represented  by  equation 
<14),  pi?  ^  p^i\  which  is  the  equation  of  an  equilateral  hyperbola 
of  which  the  axes  are  the  lines  of  zero  volume  and  the  line  of  zero 
pressure.  Two  methods  of  drawing  the  hyperbola  have  been 
•Pe4il>(Hiy*j  TherracKiynamics^  P»S^  ^- 
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^H             given  in  Art.  19,  Chapter  L    In  the  case  of  a  steam  engine  it  will   " 
^H               be  rememl:>ered  that  an  isothermal  condition  is  represented  by  an 
^M              equal  pressure  line<                                                                                M 
^K                    The  equalion  of  an  adiabalic  line  on  a  pressure- valume  dia-   1 

^H              gram,  as  given  in  (15)  is  log^      =  y  ^^Et  ~-    The  values  of  the  coor-    m 

^M              dinates  for  drawing  this  curve  can  be  found  by  assuming^  values 

^H               of  ^  and  finding  the  corresponding  values,  by  use  of  a  table  of   I 

1                    ""                   '                                                                                        1 
^H              Naperian  logarithms,  of  —  .     A  table  giving  the  values  of  y  for   1 

^M              different  gases  has  been  given.     It  is  usually  assumed  tm  1.37    V 
Wm               for  gas  engines  and  is  subject  to  some  correct  ion  for  changes  due 
■^                 to  rise  of  temperature.     The  general  relations  of  isothermal  and 
adialiatic  lines  to  pressure,  volume  and  temj>erature  is  shown  on 
the  diagram  Fig,  2-'.                                                                             ■ 
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Fig.  2-1 -—Relations  of  Isot 

1 

^^m                    Figure  2- 1  shows  isothermal  a 
^^k             pression  lines  drawn  from  the  sa 
^^^^ft        that  for  a  given  number  of  ex; 

£  fact                                                        2  fiuliMC  io«t« 

lermal  and  Adiabatic  Curves. 

tnd  adiabatic  expansion  and  com- 
me  points.     This  diagram  shows 
:>ansions  the  adiabatic  line  falls 
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below  the  isothermal  line^  and  also  that  the  area  between  the 
adiabatic  line  and  the  base  line  is  less  than  that  between  the 
isothermal  and  the  base  line.  As  this  area  reproiseuts  the  exter- 
nal work  performed  I  it  indicates  that  for  a  given  number  of  ex- 
pansions the  work  is  greater  in  iaothermal  than  in  adiabatic 
expansion,  which  also  follows  from  the  demonstrations  wlucb 
have  been  given. 


Fig.  2-2. —  I^otbcmial  and  Adiabutic  Changea  Compared* 

'  5lie  various  fundamental  changes  which  may  take  place  in  a 
ifiet  heat  engine  are  reprcsentetl  by  the  diagram,  Fig.  2-2,  in 
which  O  V  is  the  base  line  from  which  pressures  are  mcasureil  and 
O  P  the  zero  volume  line  from  which  volumes  are  mcasuretj.  In 
the  diagram  G  A  Ls  a  vertical  line  and  repre^ients  the  cimdition  of 
receiving  heat  at  constant  volume ;  A  B,  sk  horizontal  line^  reprc- 
lis  the  condition  of  receiving  heat  lit  constant  pressure;  BC, 
plain  hyperbola^  represents  iyot hernial  expansion,  and  iJ  Z>,  a 
logarithmic  curve,  represents  adiabatic  expansion;  D  E,  3.  vertical 
ltne»  represents  the  discharge  of  heat  at  constant  volume;  E  F, 
a  horii&ontal  line,  represents  the  discharge  of  heat  at  constant 
pressure;  /''G,  a  logarithmic  curve,  represents  adiabatic  compression, 
and  F  !l,  a  plain  hyperbola,  represents  isothermal  compression. 
The  ar^a  of  the  diagram,  A  B  D  E  FG ,  represents  the  external 
work  done  with  adiabatic  expansion  and  compression,  and  ABC 
E  F  H  A  represents  the  work  done  with  isothermal  expansion 
and  compression* 

During  the   period  of  receiving  heat  at   constant  volume, 
represented  by  AGt  the  absolute  temperature  may  be  computed 
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at  A,  from  (12),  provided  it  is  known  at  G,  since  it  is  proportional 
to  the  pressures  at  those  points. 

During  the  period  of  receiving  heat  at  constant  pressure, 
represented  by  A  B,  the  absolute  temperature  increases  in  pro- 
portion to  the  volume,  as  shown  in  equation  (13),  and  if  known 
at  one  point  may  be  computed  at  any  other.  As  the  volume  is 
proportional  to  the  distance  from  the  line  0  P,  the  temperature 
on  the  line  A  B  will  be  proportional  to  that  distance. 

If  the  expansion  is  isothermal  the  temperature  would  remain 
constant  from  B  to  C  If  the  expansion  is  adiabatic,  as  from  B 
to  Z),  the  temperature  could  be  calculated  from  either  equation 
(16)  or  (17)  for  various  points  of  the  curve. 

The  actual  pressure- volume  diagram  as  taken  with  the  indicator 
shows  lines  which  only  approximate  those  for  constant  pressure, 
constant  temperature,  or  constant  volume  as  shown  in  Fig.  2-2.  The 
comers  of  actual  diagrams  are  Tikely  to  be  rounded  to  a  considerable 
extent  and  many  of  the  transformations  indicated  may  not  appear. 


lOOrlbt. 


Fig.  2-3.  —  Four-cycle  Engine  Diagram. 
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Figure  2-3  represents  a  diagram  of  a  4-cycle  engine  in  which 
the  ordinates  have  been  enlarged  relatively  with  respect  to  the 
abscissae  and  on  which  there  have  been  drawn  a  line  of  no  volume, 
often  called  the  clearance  line,  and  a  line  of  zero  pressure.  The 
scale  of  ordinates  is  attached  to  the  diagram.  If  we  assume 
that  the  line  a  /  is  a  vertical  line  and  that  the  temperature  at 
the  lower  end  of  that  line  is  567  degrees  absolute,  then  we  find 
by  computation,  as  explained  above,  that  for  the  point  a  it  is 
1995  degrees  absolute.  As  absolute  temperature  F  is  460  degrees 
higher  than  that  shown  on  a  thermometer,  the  temperature  F 
at  these  two  points  would  correspond  to  107  degrees  and  1535 
degrees. 

The  heat  transformations  may  also  be  represented  by  the 
entropy  temperature  diagram,  in  which  case  the  ordinates  be- 
come temperature  and  entropy  instead  of  pressure  and  volume. 


o  V 

Fio.  2-4.  —  Pressure  Volume  Diagram  of  Isothermal  and 
Adiabatic  Changes. 


A  simple  illustration  is  shown  in  Figs.  2-4  and  2-5.  In  Fig.  2-4 
is  shown  a  pressure-volume  diagram  of  a  working  material  which 
expands  isothermally  from  A  to  B,  then  adiabatically  from  B  to 
C.  It  is  then  compressed  isothermally  from  C  to  D  and  adiabati- 
cally from  D  to  Ay  when  it  reaches  the  initial  condition.  The  me- 
chanical work  performed  during  these  operations  is  proportional 
to  the  area  of  the  diagram  A  B  C  D.     This  diagram  may  be 
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transformed  into  a  temperature  entropy  diagram  very  easily, 
since  for  that  case  the  isothermal  lines  A  B  and  B  C,  would  be 
horizontal  and  parallel  to  the  line  of  zero  temperature,  and  the 
adiabatic  lines  A  D  and  D  C  would  be  vertical  and  parallel  to  the 
line  from  which  entropy  is  reckoned.    Fig,  2-5  shows  the  tempera- 

ture-entropy  diagram  con- 
structed as  described.  The 
area  of  this  diagram  shows 
the  heat  available  for  tratm^ 
formation  into  work.  Fo^ 
the  case  considered  this 
a  rectangle  and  its  area^ 
represents  the  maximum 
amount  of  heat  available 
for  work  within  the  tem- 
perature limits  A  B  and 
DC,  J 

The  case  considered  is^ 
that  of  the  perfect  rever- 
Bible  engine  which  operates 
o  ^    in   a  Carnot   cycle,  as  al- 

tiG.  2-5.  --  Entropy 'Temperature  Dmgnnn.  ^gady  described.  It  appears 
from  the  diiigram,  Fig.  2-5i  as  well  as  from  the  demonstration,  that 
ati  engine  working  on  this  principle  can  transform  the  maximum 
amount  of  heat  into  work. 

An  engine  working  on  any  other 
principle,  ixb  fur  instance  that  shown  in 
the  iMg.  2-2  A  B  D  E  F  G  A,  will  trans- 
form a  lesB  amount  of  heat  into  work. 
For  Xhm  case  there  is  both  adiabatic 
expansion  B  D  and  adiabatic  com- 
pression F  G.  The  entropy-tempera- 
ture diagram  for  this  case  is  repre- 
sented, but  not  to  scale,  in  Fig.  2-6  by  the 
diagram  A  B  D  E  F  G,  which  by  in- 
spection is  smaller  and  shows  less  heat 
available   for  work    than  the  diagram  Fig.  2-9. 

m  B  n  F,  which  is  drawn  between  the  same  temperature  limit 
For  the  figure  A  BC  E  F H^  shown  in  Fig.  2-2,  as  a  pressur 
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volume  diagram  we  have  isot hernial  expansion  B  C  and  isot her- 
nial eonipression  F  H.  The  entropy-temperature  diagram  for 
this  case  is  represented  by  the  t 
diagram,  not  drawn  to  scale*  in 
Fig,  2-7,  A  B  C  EFH,  wliich  by  in* 
spection  is  smaller  and  shows  less 
heat  available  for  work  than  the 
ditt^ana  m  C  ?i  //,  which  is  drawn 
between  the  same  temperature 
limit.  The  transformation  of  the 
pressure- volume  diagram  as  taken      ^  ^ 

on    the     indicator    into     entropy-  Fio.  2-7. 

temperature  diagram  is  given  at  length  later  in  the  bonk. 

10,  Comparison  of  Theoretical  and  Actual  Heat  Engines. 
—  When  a  gas  after  a  series  of  transformations  of  pressure- 
volume  and  temperature  passes  through  a  series  of  intermediate 
states  and  of  physieal  and  chemical  changes  and  returns  to 
the  same  condition,  in  all  respects,  which  it  possessed  at 
the  beginning  of  the  transformations,  it  is  said  to  operate  in  a 
chsed  cycie. 

It  is  evident  that  if  a  change  of  composition  occun^  during  the 
course  of  the  cycle  the  body  may  return  to  its  initial  condition  so 
far  as  pressure  and  volnme  are  concerned  w^ithout  returning  to  its 
Initial  condition  in  other  respects;  for  example,  a  mixture  com- 
posed of  hydrogen,  carbon  nionoxide,  methane,  carbon  dioxide 
and  nitrogen,  with  which  the  cylinder  is  charged  in  the  initial 
condition  before  combustion,  may  be  changed  during  combustion 
to  the  vapor  of  water,  carbon  dioxide,  and  nitrogen,  which  change 
would  not  be  shown  on  the  indicator  diagram. 

In  the  actual  operation  of  the  internal  combustion  engine  the 
gas  or  vapor  is  subjected  to  periodical  changes,  as  ontlined  above 
which  do  not  constitute  rigorously  closed  cycles.  The  operation 
18,  however,  approximately  a  closed  cycle  since  the  state  of  the 
working  fluid  after  e4xch  series  of  changes  returns  to  its  initial 
state,  from  which  all  the  operations  as  to  chemical  and  jihysical 
changes  are  reproduced  as  in  the  preceding  phase. 

The  machine  in  which  the  changes  take  place  will  be  a  perfect 
heat  engine  if  all  of  the  heat  disappearing  has  been  transformeti 
into  work;  it  has  been  demonstrated  practically,  however,  that  it 
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is  not  possible  to  utilize  all  of  the  heatj  consequently  it  is  necessary* 
to  expend  in  heat  a  larger  quantity  than  its  equivalent  in  units 
of  work.  It  haB  already  been  shown  in  effect  that  it  is  not  only 
necessary  to  have  a  place  of  combustion  which  produces  a  high 
temperature  at  the  beginning  of  the  period  of  movement,  but  it  is 
also  necessary  to  liave  a  point  of  lower  temperature  which  will 
act  as  a  refrigerator  and  permit  the  flo%v  of  heat  from  a  higher  to 
a  lower  temperature  level.  The  quantity  of  heat  Q  supplied  by 
the  combustion  less  the  amount  q  taken  up  by  the  refrigerator 
leavea  a  difference  Q  —  q  which  may  be  utilized.  From  this 
statement  it  would  appear  that  the  amount  of  work  possible 
would  be  increased  either  by  increasing  Q  or  by  diminishing  q. 
The  temperature  of  the  discharge  heat  q  must  evidently  be  con- 
siderably  above  that  of  absolute  zero  because  of  the  difficulty  of 
obtaining  a  refrigerant  of  low  temperature  and  of  disposing  of 
the  heat  w^hich  would  be  discharged  under  such  a  condition* 
Generally  in  practice  the  temperature  of  the  discharge  heat  is 
considerably  above  that  of  the  surrounding  air,  which  is  much 
in  excess  of  absolute  zero. 

The  ratio  of  Q  —  g  to  Q  measures  the  perfection  of  the  heat 
engine*    This  we  wUl  call  the  cyclic  efficiency 

Q  —  Q 

— ^  =  eyclic  efficiency 

It  is  of  great  practical  interest  to  know  how  to  determine 
value  of  this  coefficient  for  any  case,  but  we  should  at  first  estab-_ 
lish  the  maximum  value  that  can  be  obtained. 

In  this  connection  the  cycle  of  Camot  which  is  formed  of  two^ 
isothermal  lines  and  two  ad  Malic  lines,  Figs.  2—4  and  2—5,  should 
receive  consideration,  since  it  is  the  one  which  gives  the  maximum 
work  returned  for  the  heat  expended. 

The  Carnot  cycle  is  represented  in  the  pressure-volume  dia- 
gram Fig.  2-4,  in  which  a  mass  of  fluid  in  its  initial  state  ]\p^f  with 
temperature  T  as  shown  at  ^4,  expands  in  volume  isothermally  to 
Bj  at  which  point  it  has  pressure  and  volume  ^Jii'i.  From  B  it 
expands  to  C  without  gain  or  loss  of  heat,  following  the  adiabatic 
B  C.  From  C  to  D  there  is  a  discharge  of  heat  into  a  coliler  body 
or  refrigerator  at  constant  temperaturej  during  which  time  the 
volume  is  reduced  from  Vj  to  v^.     From  D  to  A  compression  take 
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place  without  gain  or  loss  of  heat,  which  raises  the  temperature 
to  that  of  the  initial  state  at  ^4, 

In  order  to  carry  out  the  cycle  of  operation  described,  sufficient 
heat  must  be  supplied  during  the  isothermal  expansion  from  A 
to  B  to  keep  the  temperature  constant;  this  amount  by  equation 

(19)  will  beQ  =  A  fi  T  log— !-.     In  the  adiabatic  expansion  from 

B  to  C,  during  which  there  is  neither  gain  nor  loss  of  heat^  the  rela- 
tions of  the  volumes  to  the  temperatures  are  expressed  by  equa- 
tion (16)  f  _A'iV-i 

During  the  third  period  from  C  to  Z>  heat  is  discharged  at  con- 
int  temperature  and  can  be  expressed  as  before  q  ~  A  R  T  log 

During  the  fourth  period  the  quantity  of  heat  remains  con- 

int  and  we  have  j      .^^  \  ^  _  ^ 

The  cycle  as  al)ove  described  is  a  closed  one,  and  as  the  heat  re- 
ceived and  discharged  is  of  constant  temperature  it  follows  that 

Q_T 

q-'r 

The  work  produced  is  equal  to  the  area  A  BC  D.  The  efficiency 
of  the  cycle  is  n^g    y-T 

This  is  equal  to  the  ratio  of  the  fall  of  temperature  to  the  absolute 
temperature  of  the  initial  condition. 

The  Carnot  cycle  may  also  be  represented »  as  already  shown, 
by  the  temperature-entropy  diagram,  in  which  ctise  the  diagram 
will  be  a  rectangle,  Fig.  2-5. 

It  ia  doubtless  true  that  no  better  method  exists  for  utilizing 
the  heat  furnished  by  combustion  than  that  of  supplying  it  at  con- 
Btaui  temperature,  permitting  the  body  to  expanti  without  gain  or 
loss  of  heat,  discharging  it  to  the  refrigerator  at  a  constant  tem- 
perature, which  should  be  as  low  as  possible,  and  compressing 
without  gain  or  loss  of  heat  to  the  original  temperature. 

Theoretically  it  is  possible  to  equal  but  not  to  surpass  the 
return  from  the  Camot  cycle.    The  maximum  effect  that  can  be 
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obtained  from  a  heat  engine  working  between  the  teniperaturea 
T  and  T^  and  in  which  Q  k  the  heat  expended^  is  expressed  by  the 
equation  fT-T\ 

In  order  to  judge  the  theoretical  vahie  of  a  cycle  on  which  i 
heat  engine  operates  it  is  desirable  to  calcutate  at  first  the  coefficient 
of  economy  of  the  proposed  cycle,  then  compare  this  coefficient 
with  the  Carnot  coefficient  between  the  same  temperature  limits. 

The  knowledge  which  is  given  by  comparing  the  cycle  of  the 
engine  with  the  Carnot  cycle  is  not  sufficient  to  determine  the 
practical  value  of  the  engine,  since  the  effect  of  friction,  shocks 
due  to  inertia,  and  the  passive  resistance  of  the  various  mechanical 
parts  consume  a  portion  of  the  work  supplied  by  the  transfor- 
mation of  heat  and  do  not  appear  in  the  useful  work  delivered  by 
the  machine.  It  is  quite  possible  that  machines  which  ha^^e  a 
high  degree  of  jierfection  for  the  transformation  of  heat  will  still 
give  smail  return  as  practical,  useful  machines. 

The  hot-air  engines  for  example,  which  ha\'e  a  perfect  cycleJ 
of  operation,  have  proved  in  praeticc  of  little  value  because  of^ 
the  small  lUTiount  i\i  heat  that  would  pass  through  a  metallic  wall 
in  a  given  time,  and  as  a  consequence  the  return  in  useful  work 
16  small  in  proportion  to  the  expense  of  construction.  There  are 
few  engines  of  any  kind  which  operate  in  a  cycle  approximat- 
ing that  of  Carnot,  among  these  should  be  mentioned  the  Sterling 
air  engine,  which  theoretically  operates  on  the  Carnot  cycle.         I 

The  cycle  of  operation  of  the  steam  engine  is  incomplete  In 
many  respect-s;  it  however  resembles  that  of  Carnot  in  that  heat 
is  received  into  the  engine  cylinder;  until  the  valve  closes  connec- 
tion with  the  boiler^  at  practically  constant  temperature.  After 
cut-off  the  steam  is  expanded  approximately  without  gain  or  loss 
of  heat.  It  is  then  discharged  through  the  condenser  at  constant 
temperature.  The  adiabatic  compression  is  sometimes  considered 
as  being  performed  by  the  fcetl  pump  which  supplies  water  to  the 
boiler*  The  steam  engine  cycle  is  thus  seen,  when  the  boilerl 
furnace  and  boiler  feet!  pump  are  included  as  a  part,  to  approxi-| 
mate  that  of  the  Carnot  cycle. 

The  Diesel  motor  is  the  only  gas  engine  which  approximatesj 
in  the  theory  of  its  operation  to  the  Carnot  cycle. 


CHAPTER   III 


THEORETICAL    COMPARISON    OP    VARIOUS   TYPES   OP   INTERNAL 
COMBUSTION   ENGINES 

I,  Throughout  the  foHowing  diseitssion  of  the  theoretical 
cycles  it  will  be  assumed  that  the  specific  heats  at  constant  volume 
C^,  and  at  comstant  pressure  Cp,  do  not  vary  either  with  pre.'^sure 
or  temperature.  It  has  been  shown  that  they  vary,  but  the 
question  is  unsettled.  If  the  variation  is  such  as  determined  by 
the  experiments  of  Mallard  ami  Le  Chatelier,  which  are  extensively 
quoted,  our  present-day  gas  engine  does  not  admit  thermally 
of  any  further  improvement.  In  view  of  this  unsettled  con- 
dition it  is  best  to  assume  the  specific  heats  constant.  It 
is  further  assumed ^  in  this  theoretical  discussion,  that  the  value 

C 

^^  y  ="  jT  ^^  *^^  same  for  the  burned  gases  as  for  the  fresh  fuel 

mixture* 

It  is  further  understood  that,  wherever  heat  supplied  to  a  cycle 
is  mentioned,  it  refers  to  the  lower  heating  value  of  the  fuel  con- 
cerned,  either  per  ijound  or  per  standard  cubic  foot  ^  as  stateil. 

3,  The  cycle  receiving  heat  at  constant  volume^  Beau  de 
Rochas  or  Otto  cycle. 

The  principles  upon  which  the  present-^day  constant  volume 
combustion  engine  is  based,  and  which  helped  it  to  its  commercial 
BueeesSf  were  first  clearly  enunciated  by  Beau  de  Roc  has  in  a 
written  pamphlet  in  1862.  It  remained  for  Otto,  however,  to 
construct  the  first  practically  successful  machine  operating  with 
this  cycle,  hence  the  cycle  receiving  heat  at  constant  volume  is 
more  often  known  as  the  Otto  cycle. 

In  what  follows  let 

Q  =  quantity  of  heat  received  by  the  theoretical  cycle, 

q  =  quantity  of  heat  rejected  by  the  theoretical  cycle, 

then    E^  «  the    cycle    efficiency  =  "Ty  - 
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It  shows  the  highest  efficiency  which  an  actual  engine  can 
possibly  realize  if  it  follows  exactly  the  lines  of  the  theoretical  cycle. 
Practically  this  can  never  be  realized,  but  the  conditions  which 
determine  why  the  actual  thermal  efficiency  of  an  engine  is  always 
less  than  the  cyclic  efficiency  will  be  treated  in  detail  later  on. 

In  Fig.  3-1,  at  the  end  of  the  charging  stroke,  whether  that  be 
in  the  two-  or  in  the  four-cycle,  the  charge  is  under  a  pressure, 
temperature,  and  volume  determined  by  the  point  1.  Adiabatic 
compression  then  takes  place  to  2.  A  quantity  of  heat,  Q,  is 
next  received  at  constant  volume  to  3.  From  3  to  4  adiabatic 
expansion  takes  place,  and  finally  the  quantity  of  heat,  <;,  is  re- 
jected along  line  4-1  at  constant  volume. 


Fig  3-1. 

Let  the  total  charge  weight  be  G  lbs.  This  consists  of  G^ 
lbs.  air,  Gg  lbs.  gaseous  fuel,  and  G^  lbs.  burned  gases  from  the 
previous  cycle. 

'^^^'^  Q  =  GC,  (r,  -  T,) 

Hence  the  heat  utilized  by  the  cycle  is 

0  -  g  =  GC„  (T,  -T,-T,  +  T,) 

and  the  cyclic  efficiency 

Q  -  9     GCAT,-T,-T,+  T,) 
"'       Q  GC„{T,-T,) 


(1) 
(2) 


(3) 

(4) 
(8) 
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Again,  in  Fig.  3-1,  let  v^  =  clearance  volume,  and  v,  =  stroke 
volume,  so  that  v^  =  v^  +  v,  =  total  volume.  We  may  write, 
since  compression  and  expansion  are  assumed  adiabatic, 


V2VI  =  ViVj 
and 

(6) 
(7) 

Dividing  (6)  by  (7),  ^=^1. 
P»    Pi 

Now  ^'=^and^^=?l 

^8     Ps          ^i     Pa 

,           ^     „    T,    T.        T.    T. 
hence  finally  ^^  =  7?^  or  jr^f 

(8) 
(9) 

With  the  aid  of  (9),  equation  (5)  may  be  written 

,  ^.(-f^n(-?:) 

(10) 

There  are  two  other  ways  of  stating  the  cyclic 
will  be  developed  next. 
Again  we  can  write 

efficiency  which 

p,V=Pi»/ 
also 

p,  V,_  p^Vc 

(11) 

(12) 

Dividing  (11)  by  (12) 


T,v;  '=tW~'^ 


or 


?Lw^)'"'=_L 


Vi 

in  which  r  =  the  compression  ratio  — . 
Hence 

E.=l_j!=l 1 


(13) 


(14) 
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Finally,  raise  equation  (12)  to  the  y  power 


Vi  Vi 

y    y 

=  P.  Vc 

t: 

t: 

and  divide  (11)  by  (15). 

We  shall  have 

Tf-l 

r, 

<r 

r,- 

from  which 

Y-1 

Ec=l 

-<;? ' 

(15) 


(16) 


(17) 

From  an  examination  of  equations  (14)  and  (17)  it  will  be  seen 

n 
that  E^  depends  upon  r  or  pj*  and  y  =  ^^. 

To  make  clear  the  influence  of  the  value  of  y,  assume  that  in 
two  given  cases  the  value  of  r  =  5,  but  that  in  the  first  case  a 
rich  gas  mixture  with  y  =  1.35,  in  the  second  case  a  lean  gas  mixture 
with  y  =  1.39  be  employed.  Then  for  the  two  cases  we  shall  have 

J_ 
(5)- 


^c=  1—7^7735=431 


and  £;,=  !- -^=.466 

The  advantage  in  favor  of  the  lean  gas  mixture  is  therefore 
.466-.431_ 

"~:43i      ^-^^^ 

Besides  this  the  use  of  lean  gas  mixtures  in  practice  usually 
shows  a  smaller  jacket  water  loss,  owing  to  the  lower  mean  tem- 
perature of  the  entire  cycle. 

The  value  of  E^  also  depends  upon  the  ratio  -•,  according  to 

equal  (17).  The  smaller  this  ratio  the  greater  the  efficiency.  But 
the  value  of  p,,  the  suction  pressure,  is  almost  entirely  out  of  our 
control,  so  that  the  problem  narrows  down  to  making  pj?  the  com- 
pression pressure,  as  high  as  possible.  This  brings  out  clearly 
the  value  of  high  compression.  The  practical  limits  to  this  state- 
ment will  be  pointed  out  later  on. 

To  show  the  combined  influence  upon  E^  of  r  or  p,  and  y  the 
following  table,  from  Giildner,  is  given: 
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Cyclic  Efficiencies,  K^.,  foh  *mz  Qrro  Cycle 


r  = 

2.0 

2.5 

3.0 

3.5 

4.0 

4.5 

5.0 

6.0 

7.0 

8,0 

9.0 

10.0 

y  =  1.20 

-  1.2S 

1.30 

1.35 

1.40' 

.129 
.159 
,188 
.216 
.248 

,107 

.205 
.241 
.274 
.313 

.197 
.240 
281 
.319 

.363 

.221 

.209 
,313 
,355 
.402 

.242 
.290 
.343 
.384 
.434 

.260 
.313 

.363 
,109 
.460 

.275 
.331 

,38:^ 

.431 
.483 

.301 

.^1 
,410 
.460 
.520 

,322 

.442 

.494 
.650 

.340 
,405 
.464 
.517 
.574 

.356 
.423 

.483 
.537 
.594 

.36U 
.43S 
.499 
,553 
.611 

3*  The  cycle  receiving  heat  at  a  constant  pressure,  the 
Brayton  cycle,  and  the  approxixnate  Diesel  cycle  of  to-day. 

The  Brayton  Cycle. 

In  the  older  tnachines  of  the  Brayton  type*  suction  and  com- 
preaeion  of  the  fuel  mixture  or  of  air  took  place  in  one  cylinder, 


FiG.  3-2. 

while  the  combustion,  expansion  ^  and  exhaust  took  place  in 
another.  In  Fig.  3-2,  area  b  12ab  represents  the  pump  diagram, 
area  a  3  4  6  a  the  diagram  from  the  power  cylinder.  For  the 
purpose  of  theoretical  discui^ion  of  this  cycle,  tlie  two  diagrams 
may  be  combined  as  shown,  giving  in  area  1  2  3  4  the  useful  work 
developed. 

The  compression  line,  1-2,  and  the  expansion  line,  3-4,  are 
again  assumed  adiabatic.  Expansion  is  carried  to  exhaust 
pressure.  The  quantity  of  heat  Q  is  received  along  2-3,  the 
amount  q  is  rejected  along  4-1,  at  constant  pressure  in  both 
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Let  the  charge  weight  be  G  pounds  made  up  as  in  the  pre- 
vious case.    Then 

Q  =  GC^  (r,  -  r,)  B.  T.  U. 


and 


q  =  GC,  (r,  -  Ti)  B.  T.  U. 


r,  T, 


Hence  E,^Q::q^GC,(T,-T,-T,+T,) 

'       Q  GCt{T,-T^ 

(18) 

(19) 
(20) 
(21) 

(22) 
(23) 

(24) 

(25) 
Equations  (25)  and  (24)  in  combination  with  (21)  finally  give 

Substituting  (26)  in  {IS),  we  have 

T  T 

^^i-^;-i-^;  (27) 


=  1-1'-'^' 

T,-T, 

But  from  the  adiabatic  law  we  may  write 

p,t>/  =  p,t>,\ 

and 

P4»/   =   Ps^i^- 

Divide  (19)  by  (20). 

fltV^f^Yor^ 

Also, 

P/' =  ^2;,"^  or  since  p,= 

and  similarly 

»,_f. 

T,    T, 

From  (22) 

v,_T, 

V,     T, 

From  (23) 

r,     T, 

f,     r. 
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But  it  has  already  been  shown,  equation  (13),  that  for  adiabatic 
compression 


SO  that  finally  the  cyclic  eflSciency  for  combustion  at  constant 
pressure  is  - 

T^  (28) 


£.=  1- 


whi/:h  is  the  same  as  for  combustion  at  constant  volume. 

The  Diesel  Cycle  of  to-day. 

The  Diesel  cycle  of  to-day  approximates  the  constant-pressure 
form  outlined  in  Fig.  3-3.    Compression  line  1-2  and  expansion 

4? 


line  3-4  are  assumed  adiabatic.  Heat  is  received  at  constant 
pressure  along  line  2-3,  and  rejected  at  constant  volume  along 
line  4-1.  In  the  Otto  cycle,  with  the  machine  at  full  load,  the 
ratio  of  compression  is  equal  to  the  ratio  of  expansion.     In  the 

1  — 

Vc 
Vt_ 
Ve' 

Let  the  charge  weight  again  be  G  pounds.  Diesel  machines,  as 
constructed,  are  oil  engines,  so  that  the  increase  of  charge  weight 
along  line  2-3  is  small  and  may  be  neglected  without  serious 
error.  That  is,  we  may  assume  G  constant  for  the  cycle.  If  the 
investigation,  however,  is  carried  through  for  a  gas,  especially  a 
lean  gas,  this  assumption  is  not  permissible. 


Diesel,  the  ratio  of  compression^,  (see  Fig.  3-3), is  always  greater 
than  the  ration  of  expansion, 
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To  develop  the  efficiency  formula,  we  may  write 

Q  =  GC,  (r,  -  TO.  V        (29) 

q  =  GC,  (T,  -  T,).  (30) 

Now  from  Fig.  3-3 

;'=^'orr,=r,J=r,s  (si) 

where,  ^  =  ratio  of  cut-off  volume  to  clearance  volume. 

Also 

l'=P  from  which  T,=tJ^  (32) 

But  from  the  adiabatic  law 

y 

P4V=P8V,>'  from  which  p^=2lh- 

and  y 

Pi^i  =  Pa^j  from  which  p^  =  i-?-l_ 

Hence  (32)  may  be  written 


Palpal 


Y 

Sukstituting  (31)  and  (33)  in  (29)  and  (30)  respectively, 

q  =  G(\  T,  («'  -  1). 
The  cyclic  etticiency  for  the  Diesel  cycle  consequently  is 


(33) 


'       Q  Q         OCfTj(i  - 1) 


r.      1 

But  it  has  shown,  equation  (13).  that  -,  =— -rr 
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hence  finally 


^c=l-- 


1     («   -1) 


j-i7(S_l) 


(34) 


Equation  (34)  shows  that  the  expression  for  the  tlieoretical 
efficiency  of  the  Diesel  cycle  is  the  same  as  that  for  the  Otto  and 

the  Brayton,  with  the  exception  of  the  factor-^  -    .  .      The  effi- 

eiency  thus  depends  not  only  upon  r  and  7,  but  also  upon  S,  that 
is,  finally,  on  the  volume  at  cut-off. 

In  actual  practice  the  cut-off  volume  i\  is  about  10  per  cent 
of  the  stroke  at  full  load.  With  a  compression  ratio  of  r  =  13, 
this  makes  ^  about  —  2.5.  To  show  the  influence  of  the  factor 
S  upon  B^,  assume  y  —  1.35.     The  efficiencies  for  full  load,  S  ^ 

^2.5.  an  overload,  S  =  3.0,  and  some  partial  load,  S  ^  1.5^  will  be 
as  follows; 
Cyclic  Efficiency  E^  far  the  Diesel  cycle. 
^  For  8-  ^'^  L5        2.5        3.0 

anc 


-560 


.509 


remaining  the 
This  result  is 


and  for  r  ^  13,  and  y  =  1.35,  ^^ 

It  appears  from  this  that,  other  conditions 
same,  the  smaller  the  value  of  S^  the  greater  E^. 
actually  borne  out  in  practice,  within  limits,  where  a  large  num- 
ber of  tests  of  Diesel  engine^j  haA^e  often  shown  a  greater  thermal 
efficiency  at  three-quarters  than  at  full  load.  That  this  condition 
does  not  hold  for  still  lower  loads  is  due  to  other  circumstances. 

4.  Comparisoa  of  Various  Cycles. 

The  question  of  the  best  gas-engine  cycle  has  often  been  dis- 
cussed*  In  general,  there  is  no  best  gas-engine  cycle,  but  that 
cycle  should  be  chosen  which  will  give  the  best  return  for  the 
practical  conditions  existing. 

To  give  some  insight  into  the  problem  of  choosing  the  cycle 
beiit  adapted  to  given  conditions,  we  will. first  obtain  some  theo- 
retical basis  of  comparison,  and  show  afterwards  how  this  ia 
affeetetl  in  practice. 

Many  methods  of  comparison  have  been  employed  by  various 
riters,  but  the  following,  due  originally  to  E.  Meyer  *  seems  to 
the  writer  to  be  the  clearest  and  must  comprehensive. 

*  Zeitacbrift  dje&  Vcr^Um  deutscber  IngcDietirc,  1897,  p.  1108. 
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Using  the  Car  not  cycle  as  a  basis  of  comparison,  it  m  ch 
that  the  amount  of  heat  transferred  into  mechanical  work  de 
pends  only  upon  the  total  amount  of  heat  and  the  temperature* 
difference  in  the  cycle.  But  to  become  available  as  a  basis  for 
the  comparison  of  gas-engine  cycles,  only  that  Carnot  cycle  can 
be  used  for  which  the  heat  element  S9^,  supplied  at  a  constant 
temperature  T,,  and  the  heat  element  ^3  rejected  at  a  constant  _ 
temperature  T^f  are  of  infinitesimal  amount,  so  that  the  U 
adiabatics  forming  the  rest  of  the  cycle  are  infinitely  close 
gether*  Then  every  closed  cycle  may^  by  a  number  of  adiabatics^ 
be  divided  into  an  infimte  number  of  elementary  cycles,  Fig*  3-4, 


Flo,  3-4. 


for  each  of  which  we  may  with  very  small  error  assume  that  thii 
heat  element  Sg,  is  supplied  at  a  constant  temperature  jTi,  and  the" 
heat  element  Bq^  is  rejected  at  the  constant  temperature  Tj,    The 
efficiency  of  one  of  these  elementary  Caraot  cycles  may  be  ex- 
pressed for  say  the  nth  cycle  by 


Mm) 


From  the  above  equation  we  at  once  derive  the  imports 
requironipjit  that  for  best  elhcieiicy  each  heat  element  S^j  should 
bo  supplied  to  the  working  fluid  at  the  high^t  temperature  pos- 
Kibl(%  ujitj  t*nch  clement  B^h*  should  be  rejected  at  the  lowest] 
po««ible  tempf^raf  ure,  that  ir,  the  temperature  limits  should 
m>»»il>kv. 

obaervcd,  howeveri  ihp,i  the  above  requirement* 
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does  not  mean  that  the  sum  total  of  all  the  heat  elements  8^^ 
must  be  supplied  iso thermally,  or  that  the  sum  total  of  the  ele- 
ments 8^2  rejected  must  be  taken  up  isothermally.  For  in  general 
in  gas  engines  the  various  successive  heat  elements  are  not  avail- 
able at  constant  temperature,  and  in  fact  in  following  out  the 
requirement  above  outlined  for  best  efficiency,  one  would  be 
led  to  constantly  change  the  temperature  of  supply  and  of  rejec- 
tion to  widen  the  temperature  limits  as  far  as  possible.  It  is 
clear,  therefore,  that  only  in  the  case  where  all  the  heat  elements 
supplied  are  available  at  constant  temperature,  and  all  those 
rejected  can  be  taken  up  at  constant  temperature,  as  is  the  case 
in  a  steam  engine,  will  the  Camot  cycle  represent  the  ideal. 

Now  consider  one  of  the  elementary  Camot  cycles,  into  which 
the  gas-engine  cycle  has  been  divided,  by  itself,  Fig.  3-5. 


Fig.  3-5. 


For  the  point  1  we  may  write 

and  since  during  the  supply  of  the  infinitesimal  heat  element  8g, 
the  values  of  pj  and  Vj  increase  only  by  infinitesimal  amounts,  we 
may  assume  without  great  error  that  the  volume  and  pressure  at 
the  end  of  the  heat  supply  are  also  represented  by  v^  and  p, 
respectively.     Similarly  we  may  write  for  the  point  2 

The  efficiency  of  the  elementary  cycle  under  discussion  is  then 


.Pll^-Pl^2^l_Pt'0l 


Pl»l 


Pl^l 
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But  since  the  other  enclosing  lines  are  adiabatics,  we  have 

y  y 

Pi^i  —  Pa^^t  from  which 


Finally,  therefore, 


1- 


(36) 


In  connection  with  the  last  equation  it  should  be  observi 


that  wliile  the  expression  E^  = 


T,-T, 


T, 


is  based  upon  the  general! 


laws  of  thennotJynaniics,  and  m  therefore  applicable  to  all  work- 
ing fluids  without  exception,  equation  (35)  has  been  derived  from 


this   by    the   use  of  equations 


pv 


Rf    and    p  u  ^=  constant.] 


Equation  (35)  is  therefore  strictly  applicable  to  gas  only. 

Equation  (35)  leads  to  the  following  important  deduction: 
To  obtain  the  best  effcienaj  in  a  dosed  cycle ^  ii  is  necessory  to  s^upplij 
each  heat  elaneni  al  a  jwes^ure  p^  and  to  reject  the  -part  not  trans- 

formed  into  work  at  a  pressure  p*,  so  thai  the  ratio  —  shall  be  m 

Pj  m 

large  as  jmssible,  ^^ 

As  previously  pointed  out,  however,  in  the  ease  of  the  gas 
engine,  the  pressure  ;>2  cannot  well  be  below  atmosphere  because 
the  use  of  a  vacuum  is  neither  practicable  nor  economical  Hence 
the  meaning  of  equation  (35)  narrows  down  to  the  ijoint  to  in- 
troduce each  heat  elcrneni  at  the  highest  jwssiblc  pressure  p^t  and  to 
reject  the  part  not  used  at  a  pressure  as  close  to  atmosphere  as  possible. 

With  this  knowledge  it  becomes  easy  to  compare  the  various  gaa-^| 
engine  cycles  umong  themselves  to  determine  which  of  the  pressure^ 
lines  at  which  heat  is  siupplicd  gives  the  best  guarantee  of  efficiency. 

Figure  3-6  represents  the  cycle  with  combustion  at  constant 
volume.  Fig.  3-7  the  constant  presguxe  cycle,  and  Fi^.  3-8  the  cycle 
with  isothermal  combustion.  The  heat  is  rejecteil  in  each  case 
along  a  constant -pressure  line  as  nearly  as  possible  to  atmosphere. 
It  is  assumed  also  in  each  case  that  the  pressure  and  temperature 
at  the  end  of  compression  shall  be  the  same,  that  is,  that  p^  and 
Tg  in  Fig.  3-6  shall  be  equal  to  p^  and  1\  in  Fig,  3-7,  etc. 
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fa3;-^C 


Fio.  3-«. 


!        P> 


'e*e  \  \  \ 


Fia.  3-7. 


^^/U"C~-C 


Fio.  3-8. 
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Now  assume  that  each  cycle  ia  divided  by  adiabatics  into  an 
infinite  number  of  elementary  cycles.  For  convenience  only  three 
of  these  are  indicated  in  each  figure.  With  combuiition  at  constant 
volume  Fig,  *^-%,  each  heat  element,  Bq/,  S^t^j  etc.,  supplie 
serves  to  raise  the  temperature  and  especially  the  pressure  fo 
the  one  succeeding  it^  and  since  expansion  is  carried  to  atmosphere" 
in  each  caae,  it  is  plain  that  this  method  of  combustion  tends  of 
itself  to  fulfil  the  requirement  above  outlined.  On  account  of 
the  increasing  pressure  ranges,  the  efficiency  of  each  elementary 
cycle  is  in  this  case  greater  than  that  of  the  one  just  precede- 
ing  it. 

The  same  course  of  reasoning  applied  to  combustion  at-  con" 
stant  pressure,  Fig.  3-7,  will  show  that  each  heut  element,  Sgi'i 
S^j*,  etc.,  while  it  serves  to  raise  the  temperature  does  not  raise 
the  pressure  for  the  next  succeeding  element.  The  expansion 
being  again  in  each  case  to  atmosphere,  the  pressure  ranges  for 
all  the  elementary  cycles,  and  hence  also  the  efficiency,  is  the 
same. 

The  case  of  combustion  at  constant  temperature,  Fig.  3-8, 
even  less  favorable.  Here  each  heat  element,  fig/,  S^j*,  etc. 
doe«  not  raise  the  temperature  for  the  succeeding  element,  but  is 
accompanied  by  a  decrease  of  pressure.  The  exhaust  pressure 
being  unchanged,  this  means  a  smaller  pressure  range  for  each 
succeeding  elementary  cycle,  and  consequently  a  steadily  decreas- 
ing efficiency. 

Looking  next  at  the  heat  discharged  from  each  elementary 
cycle,  we  may  write: 

%'  >  k/  >  Sg^"' 

Ag/  <  Ag,'  <  Ag/' 

From  all  this  it  follows  that,  start hig  mth  the  same  jiressiire 
af  compression,  the  constant-volume  combustion  is  more  cffieient 
than  thai  at  constant  pressure;  and  this  in  turn  is  more  effi^nenl 
ikan  isoihcrTnal  combuatwn. 

Isothermal   combustion,   being  so  obviously  inferior  to   tt 
other  two  in  theory,  is  also  difficult  to  carry  into  operatioa  pr 
tically^  and  for  these  re^asons  is  practically  obsolete* 
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5.  Practical  conditions  affecting  the  choice  of  best  cycle  for 
any  given  case. 

It  is  evident  from  the  preceding  article  that  the  most  impor- 
tant  item  in  tlie  efficiency  question  is  the  pressure  at  the  end  of 
compression.  The  aim  should  be  to  use  as  high  a  pressure  as 
possible  in  order  to  introtluce  the  first  heat  element  at  the  highest 
possible  efficiency.  But  the  compression  pressure  governs  the 
maximum  pr^sure  and  temperature  occurring  in  the  cycle,  and 
that  brings  us  to  a  consideration  of  the  pressure  and  temperature 
limits. 

Of  these  two  the  temperature  limit  plays  but  a  secondary 
part,  because  it  is  possible  to  operate  on  a  cycle  whose  maximum 

iperature  may  be  3000  degrees  Fahrenheit  for  the  reason  that 


! 


Fig.  3-9. 

imurn  temperatures  exist  bnt  for  a  very  short,  time. 
The  pressure  limit  is  more  important,  because  no  matter  how 
short  a  time  the  maximum  pressure  lasts,  the  driving  mechanism 
of  the  machine  must  be  built  for  this  pressure.  In  modern  prac- 
tice 550-600  pounds  seems  to  be  about  the  maximum  pressure 
limit  that  can  be  economically  handled.  Herein  we  find  a  condi- 
tion which  may  modify  the  conclusion  arrived  at  in  tlie  previous 
article  as  regards  comparative  efficiency  of  combustion  at  con- 
stant volume  and  at  constant  pressure. 

Assuming  the  more  practical  condition,  that  the  maximum 
pressures  in  the  two  cycles,  instead  of  the  compression  pressures, 
shall  be  the  same,  the  diagrams  would  be  placed  as  shown  in 
Fig*  3-9,  in  which  the  broken  line  represents  the  Otto  cycle.  It 
is  evident  in  such  a  case  that  only  the  last  heat  element  of  the 
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Otto  cycle  is  introduced  ut  the  same  efficiency  as  the  first,  ai] 
consequently  all,  of  the  heat  elements  of  the  cycle  at  constant 
volume.  Hence,  upon  these  premises,  the  constant-pressure 
cycle  IS  more  efficient  than  the  constant  volume  cycle.  Under 
some  conditions,  however,  favorable  to  the  Otto  cycle,  this  advan- 
tage of  the  constant-pressure  cycle  m  not  very  great.  Thus  in  a 
Diesel  engine  cutting  off  at  full  load  at  10  per  cent,  5  —  2.h,  assume 
r  =  13,  and  y  ^  L41,  then  E^  will  be  ,564,  An  Otto  engin^ 
cycle  of  the  same  maximum  pr^sure  limit*  =  about  460  pound 
would  show  a  compression  pre^ssure  of  from  190-225  pounds,  ™ 
would  l>e  about  equal  to  7,  and  with  y  -  1.41,  E^  would  be  ,550^ 
This  shows  a  gain  for  the  Diesel  engine  of  only  L5  per  cent,  h% 
it  should  Ije  pointed  out  that  a  compression  pressure  of 
pounds  in  an  Otto  cycle  can  only  be  reached  with  extremely  lea^ 
fuel  gases  J  or  with  separate  fuel  and  air  compression.  Howe\ 
that  may  be,  the  advantage  of  the  cotsstant^pressure  cycle  ove" 
the  constant-volume  cycle,  presupposing  equal  maxinmm  pres* 
sures  in  each,  is  comparatively  small,  and  hence  the  undoubted 
gain  that  the  Diesel  engine  shows  in  practice  over  the  average 
constant-volume  engine  is  by  some  writers  attributed  not  so 
much  to  the  cycle  as  to  the  greater  perfection  of  combustion. 
That  this  is  approximately  true  has  been  proven  by  Guldner  w^ho 
constructed  engines  o(>eratlng  on  the  Otto  cj^cle  upon  the  most 
advanced  ideas,  and  obtained  efficiencies  fully  as  good  as  those 
obtained  l>y  Diesel, 

A  second  limit  set  to  the  compression  ppessuie  that  can  be 
carried  is  due  to  pre-ignition.  All  fuel  mixtures  will  ignite  spon* 
taneously  if  the  temperature  becomes  high  enough,  but  the 
critical  temperature  varies  greatly  for  the  different  fuels.  This 
fact  directly  governs  the  compression  pressure.  While  it  is  hardly 
advbable  to  use  more  than  say  80-90  pounds  in  the  case  of  a 
gasoline  mixture,  a  blast  furnace  gas  mixture  will  easily  stand 
150  pounds  without  pre-ignition.  Since  the  efficiency  of  the 
cycle  depends  directly  upon  the  compression  pressure,  as  above 
shown,  we  should  expect  a  better  efficiency  for  blast  furnace 
gas  than  for  gasoline,  and  this  is  actually  so  in  practice.  The 
difference,  however,  is  due  to  the  nature  of  the  fuel,  A  remedy 
for  tliis  state  of  affairs  would  be  to  compress  the  air  separately 
Hiid  introduce  the  gasoline  or  other  fuel  oil  only  at  the  moment 
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!>mbustioti  is  desired.  This  leads  to  the  constant-pressure 
!ycle,  and  thus  the  fuel  to  be  employed  should  be  consideretl  in 
he  choice  of  cycle. 

A  final  point  to  be  considered  is  this:  By  theor}^  the  greater 
,he  compression  pre-ssure,  the  higher  the  efficiency.  This  holds 
'or  either  type  of  cycle.  But  how  far  can  this  compresijion  be 
earned,  outside  of  the  questions  of  upper  pressure  limit  and  pre^ 
go  it  ion  above  considered,  before  the  added  gain  due  to  higher 
impression  is  in  practice  balanced  or  overbalanced  by  attendant 
kiesea* 

I  The  following  discussion  of  this  question  by  Guldner^  as  applied 
k  combustion  at  constant  volume,  is  instructive, 
'  The  efficiency  of  any  engine  should  not  be  Judged  upon  rylin- 
ier  performance,  but  upon  the  performance  at  the  shaft.  Usually 
this  is  called  the  *'  thermal  efficiency  per  brake  horse-power/* 
but  a  shorter  and  more  expressive  term  which  the  authors  prefer 
and  will  use  in  this  treatise,  is  *' Economic  Efficiency  E^ 

'    Now 

E^  =  E,E^  =  X  E^  E^. 

rhere 

Eg  =  thermal  efficiency  per  indicated  horse- power. 

Brake  H,  R 


E„  =  mechanical  efficiency  of  engine 


Indicated  II.  P. 

E^  =  cyclic  efficiency  as  derived  in  the  preceding  art  idea  = 
1 


I- 


7-1 


for  combustion  at  constant  volume. 


and 


X   ^  a  factor  such  that  E^  ^  XE^,  so  that  X  is  always 
than  1* 

The  mechanical  efficiency  may  be  expressed  by 

I  ere 
Pi  ^  mean  indicated  pressure  per  square  inch  of  piston, 

pf  =  pressure  lost  in  friction  per  square  inch  of  piston. 
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Henco 

The  value  of  E^  therefore  depends  upon  the  relation  between 
the  factors  X,  p,-,  and  p^,  as  modified  by  a  variation  in  r,  that 
is,  in  the  pressure  of  compression.  The  change  in  the  value  of 
A*  due  to  ft  variation  in  r  is  quite  unknown,  and  is  in  any  case 
HO  Hiiiall  that  it  may  be  neglected.  Regarding  the  relation 
lH»twcon    ;),..  pj,  and  r,  numerous   tests  have   shown  that,  as  r 

increases,  the  mechanical  efficiency  ^*  ^^,  is  at  first  quite  con- 
stant, but  that  after  a  certain  point  it  commences  to  decrease 
quite  rapully.  This  Is  due  to  the  fact  that  for  the  first  part  of 
the  ninge  any  increase  in  pj,  due  to  an  increase  in  r,  is  counter- 
Unlanceil  by  a  corres|H>nding  gain  in  p-.  Beyond  a  certain  point, 
however,  then^  is  a  K>ss  in  /),.,  owing  to  the  fact  that  the  fuel 
mixturi^  lias  to  l>e  made  more  and  more  lean  to  prevent 
pn^-ijrnit ion ,  and  the  mechanical  efficiency  consequently  de- 
onwses.  Hcficc  ur  htivr  the  net  result  that  as  long  as  an  increase 
in  ;v,  tiuf  to  an  incrtxise  in  r.  i>  met  by  a  propariianate  gain 
in  ;\.  the  Kc%>n%>fnic  Ejficieney  E*  will  increase.  Jusi  as  soon, 
fc«>{vv;v\  <j,<.  with  increase  in  r.  a  loss  in  p-  results,  E^  vriU  com- 
t^^»)«Y  f»»  «M*j»i.'^.  and  the  economic  comin-ession  limit  will  have 
her'*}  ;>K<.W. 

W;s  and  ivmputations  have  slwwn  that  up  to  r  =  6,  which 
nu\sns  a  \vr..pT\>ssion  pressuiv  ot  aK>ut  160  pounds,  the  mechani- 
iVii  ot*;oiova\v  d*x>s  not  ohani^*  ir.sToriallv.  but  that  beyond  this  it 
i\>r/.r,u^r,**x>>  :o  d^x'^iws.^v  TV. is  is  pn^lxably  due  to  the  necessary 
;r,orr^AS9i^  .r.  :ho  s;?o  ot  :v.Ai*hi:v  ]\«n5  due  to  the  gi«ktcr  pressures 
a:\;  to  :hc  (a^m  iV,a:  >Anor  ir.i\::::v!S  than  would  ordinanly  be 
;;n<\;  :v\.>:  'v  <'^r;'.;^^\vc\i  :o  pTx>\or,:  :^:v-icr.::H>r,  with  a  coTrespoiid- 
,r,^  \\^  ;v.  the  ws'.ic  o:  r.,  lV>or,vi  ^  =-  6  :be  «iii  in  £,  is  small 
A^\;  Ai  "  -  10  ;:  prs*;;*\vV.y  ^v,ss^>s  to  :r.frf^&se,  Hemct  we  etm- 
oVvy?^  .>'/Aj  />■■  oz-n^/^A'-o^  ,w  ,v%s.',7%;  •:\x*^'nif  the  wv  of  vaiua  of  r 
crv/k%*  ;}fr,%  ^,V>,^'  S.  ',v  ?;»>,„->,  rl/  ,^•»t»;;.TY"«5M'rts  py:avrr  egiiob 
/fhr*u;  i'4?^  ;<v»vr(«^^<  v^  v/  U'V{v^  v^v.-m.^vr^v/vs  H  csx  wr^fW  fsim  in 
Aj  a*v>t/ai»iV  f:fh<'frrKri  r>  ;>rf  rtijirl.rf/.  TV. is  sa4i«nBM  does  not 
*?*S*^^  TO  *v.T:r,>i»jgi<ci  *5  iOTisiAr,!  pTrs5S-u:Y'  >«ai:ase  its  E^  follows 
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a  different  law,  and  E^  decreases  more  slowly  on  account  of  the 
generally  greater  value  of  p,-. 

Finally,  in  laying  out  an  Otto  cycle,  to  obtain  high  engine 
capacity  per  unit  volume  of  cylinder  means  making  the  maxi- 
mum pressure  as  high  as  possible  to  obtain  a  high  value  of  p,-. 
With  fuel  mixtures  which  cannot  stand  a  high  amount  of  com- 
pression this  would  mean  the  use  of  rich  gas  mixtures.     Where 

the  compression  can  be  made  higher,  the  ratio  of — , 

comp.  pressure 

instead  of  being  from  4-5,  may  be  profitably  made  from  2.5  to  3 

by  the  use  of  leaner  mixtures,  so  that  the  maximum  pressure 

shall  be  in  the  neighborhood  of  say  450  pounds.     The  chances 

are,  as  the  gas  engine  develops,  that  higher  maximum  pressures 

will  be  employed,  but  according  to  Giildner  the  use  of  working 

pressures  exceeding  600  pounds  is  neither  economical  nor  safe. 


CHAPTER  IV 

THW    VARTOUB    EVENTS    OF    THE    CONSTANT     VOLUME     AND     THE 


CONSTA  NT- PR  ESS  UH  E 
CONDITIONS 


CYCLES    A3     MODIFIED      BV     PRACTICJ^ 


L    In  the  previous  chapter  the  various  cycles  were  discussed 
and  com  parol  im  theoretical  gn;)iiiids.     For  this  purpose  several 
tilings  were  amuined  wJiich  in   practice  are  only  approximately^ 
true;  thus  compression  and  expansion  lines  wer^  asf^umed  adj 
abatic  and  the  /surmunding  walla  inipermeahle  to  heat.    It  is,  how- 
ever, true  that  the  heat  interchange  between  the  charge  and  the 
walls  may  be  such  as  to  give  a  line  on  a  diti^ram  w  hich  strictly 
ft*lltnvH  the  adialmtic  law,    8uch  a  line  is  !>y  some  writers  called  a 
fnlHO  or  |Heudt*-adiabatic,    A^ain  it  has  been  assumed  in  the  theo-^ 
n^tical  discussion  that  ignition  is  perfect ^  that  the  compositioQ 
the  rharse  in  uniform,  nml  that  combustion  is  complete  and  per-^ 
feet ;  none  f*f  lliese  (}ung8  quite  obtain  in  practice  and  all  the  va-^ 
Hat  ions  have  their  influence  upon  engine  performance.    Thus 
ha[i|)i*ns  that  the  cyrlic  etliciency  alx>ve  computed  is  in  any  given" 
cHite  never  realiicHl,  Ivut    that  the  actual  thermal  efficiency  is  al^ 
way^  lee©  than  K^. 

The  folloN^ing  jmmgmphs  will  point  out  these  modifieation^Sr 
more  in  dctiuK 

1.    The  four-stroke  Otto  cycle. 

(if)  Tin;  Suction  Strokk.     At  the  end  of  the  exhaust  stroke 
the  rh^^nmce  volume  \\t  Fig*  4  1,   i^   filled  with  burned  gas 
umler  m  pm^ure  p,  and  a  tempemture  T^    The  ireig^lit  of  tl 
|tti3«w  ran  only  he  2%ppn>xiniately  compiit^I,  since  nothit^  defiait 
i»  known  of  the  tem|H*mtUTe  T^,     It   b  in  most  e^ses  probabl; 
Mween    12-lHW  dcfrets    Fahrenheit,  while  tlie  pressure  p^  in 
wett^kfiigiied  imieliiMs  nuiy  be  from  16- tS  pcmnds  aljeolut^ 
but  viKimi0t«]ie«i  miy  aher  Iheee   %ures   ransMlenibly. 
tbe  eominckWHueiil    of  tbe  suctmn  stroke  Ibe   pressure  fa 
(hjiiti    p^  to    the   iuelioii    pnsmixe    p^   aloi^    a   rurre    dctc 
mined    by    the    M^^tatpftB^ott    of    the    btirtKHl    gases    in    tl 
eUnmnee  s(iace^    Only  mktt  thb  re^xpa^sioa  m\U  the  fre^h 
ehari^  be  ilnivn  uilo  %hm  rylimter.     It  u  thus  seen  that  the 

m 
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volumetric    efficiency ^   E^,   of  the  cylinderj    that    is^   the   ratio 

volume  of  fresh  mixture         ,  i     i-      ^i  *t,         ■  ui. 

— ; ^  -  ■   r- — i depends  directly  upon  the  weight 

volume  of  piston  displacement, 

of  burned  gajies  remaining,  thus  affect hig  cylinder  capacity.  If 
through  bad  form  of  eiinibustion  chamber^  too  sniall  an  exhaust 
opeologi  or  a  restricted  exhaust  pipe,  the  exliaust  pressure  should 
be  kept  too  high»  or  too  much  burned  gas  remain  behind,  ihh  effect 
of  re-ex [mnsio  11  will  be  more  marked  than  above  indicated.  A  too 
early  ekjsure  of  the  exhaust  valve  may  have  the  effect  shown  in 
Fig.  4-1  in  dotted  line.  It  is  evident ,  however,  that  in  the  ordinary 
four-<*ycle  engine  without  scavenging  this  loss  of  volumetric  efifi- 
ciency  will  always  be  present,  depending  upon  the  clearance  volume. 


i! 

!iT- 


> 


b— K^ 


^jlr~S±.—:~'-:!L--.TZj:iz:—-~z;:li.. 

FiQ.  4-1. 
A  second  factor  affecting  the  volumetric  efficiency  of  the 
cylinder  is  the  suction  pr^sure  p,.  At  the  end  of  the  suction 
stroke  the  cylinder  contains  a  volume  of  gas,  v,,  made  up  partly 
fif  burned  gas  and  fmrtly  of  fresh  mixture,  under  a  pressure  p^. 
The  compression  stroke  raises  this  amount  of  gas  to  the  pressure 
p^  wilfi  a  vidnme  i'^.  The  compression  curve  cn:>sses  the  atmos- 
pheric line  when  the  stroke  vohime  is  only  v^  and  not  the 
full  volume  v^  Hence  the  volume  i?^  —  v^  represents  a  loss  in 
volumetric  efficiency,  and  this  loss  is  the  greater  the  smaller  p,- 
It  ft»now3  tlint  the  inlet  pipes  and  valves  should  be  so  designed  as  to 
catiaea  minimum  suction  pressure,  that  m,  to  keep  p^as  close  to  at- 
ric  prestiure  as  possible.  ThLn  also  makes  cle^ir  why  vapor- 
id  carbureters  alw*ays  decrease  engine  capacity  somewhat. 


86  INTERNAL  COMBUSTION  ENGINES 

Thus  there  is  a  loss  of  volumetric  efficiency,  and  hence  of 
engine  capacity,  at  each  end  of  the  suction  line.  The  real  volu- 
metric efficiency,  E^,  is  found  in  any  given  case  by  dividing  the 
volume  represented  by  the  line  a-6,  measured  along  the  atmos- 
pheric line,  by  the  volume  v,  of  the  piston  displacement. 

Attention  should  at  this  point  be  called  to  the  fact  that  cer- 
tain systems  of  speed  regulations  depend  upon  the  variation  in 
the  suction  pressure.  By  throttling  the  mixture  from  the  b^in- 
ning  of  the  stroke,  or  by  cutting  off  the  supply  completely  at  a 
given  point  in  the  stroke,  p,  is  increased  or  decreased  depending 
on  the  load  on  the  engine,  thus  directly  controlling  the  charge 
volume,  and  hence  the  engine  capacity.  This  is  explained  more 
in  detail  in  the  chapter  on  governing. 

Since  it  is  quite  evident  that  neither  the  loss  by  re-expansion 
or  that  due  to  the  suction  pressure  at  the  end  of  the  suction  stroke 
can  l>e  entirely  avoideil.  it  becomes  interesting,  at  least  from  the 
^x>int  of  design,  to  know  approximately  what  \'alue8  of  E^  to 
ex^HH»t  in  iliflferent  types  of  engines.  Naturally  E^  decreases 
with  the  s^KHxl  of  the  engine,  because  since  high-speed  engines 
are  usually  small  engines,  the  difficulty  of  placing  \'alve  openings 
large  enough  to  prevent  serious  throttling  of  the  charge  becomes 
greater  as  8|hhh1s  increase.  Computations  are  of  little  avail  in 
this  matter  since  little  is  definitely  known  of  the  temperature 
of  the  charge  at  the  end  of  the  suction  stroke.  For  that  reason 
more  n^iance  is  to  lx»  placeil  in  figures  based  upon  practical 
exfvrionoo.     The  fi^llowing  table  is  due  to  Giildner: 


Ex  Ps 

lbs.  per  sq.  inch 

I.   Slow-^sjvtHi  onpiKti  with    iiKH^hanically  oper- 

jii<\i  miot  >^hv                                  " S8  -  .113  12.9  -  13.7 

:?.  Slow-«pN\t  onjpiws  with  .lutomsitic  inVt  \tU\tp  .SO  —  ^  12 J>  —  13.2 
;V   !liieh-<ij>«\i   oncinos  lAJth  nKH^Kanically  oper- 

*t<\i  inM  >T!iKv                                  '                 TS  -  .S5  11.7  -  12.5 

4  Hijrtts^v«t\i  rtijpiw?  w:th  in:!»^nwt;o  :nlot  >tU\t  .tvi  -  .75  11.4  —  12.2 
^    Wn*  h;|f:h<^^«y\i  eiurJMts  w:th  Autonv^tie  inlet 

\Ma>w  ami  air  <\xain|:                                          50  -  .65  8.8  -  11.0 


^iclH^n  J5IS  giMiemiors  and  \*s'.v^ri5ori5  may  in  unfavorable 

d<viwi«^  the  ahovf  fiijv.ix>?  for  /f,  hs  nu:oh  as  5  per  cent. 
(b)  Thk  CV^MfRiayaoN  ^^trokv.  —  The  c^^mpresssion  line  may 
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be  taken  to  follow  the  general  law  py"  =  constant.  During  the 
trst  part  of  the  stroke  there  is  probably  a  flow  of  heat  from  the 
walls  to  the  comparatively  cool  charge,  but  this  Is  soon  over- 
balaneed  by  the  heat  of  compression,  so  that  during  the  last  and 
greatest  part  of  the  stroke  the  flow  is  into  the  walls.     The  com- 

press  ion  curve  is  therefore  rarely  an  adiabatic  pv    =  constant, 

where  y  =^  ,  as  computed  for  the  charge-     In  most  cases  the 

line  is  intermediate  between  an  adiabatic  and  an  isothemml,  and 
strictly  also  the  value  of  the  exponent,  n,  is  not  constant  along  the 
entire  line.  The  value  of  n  in  act  ual  eases  lies  l>etween  1 .30  and 
1^,  with  an  average  of  about  1.35.     In  eases  of  very  ineffective 

cooling  n  may  exceed  y  =■   ^/  ,     It  should  also  be  noted  that 

iky  pistons  and  valves  cause  a  flattening  of  the  compression 
^^curve,  which  apparently  decreases  the  true  value  of  n. 

From  the  equations  pjf  =  constant,  and  pv  —  constant/ we 
may  derive  the  following  equation  for  the  absolute  pressure  p^ 
at  the  end  of  compression,  .see  Fig,  L 

^'  =  K3"^  ^-'^ 

The  absolute  temperature  at  the  pressure  p^  will  be 


^^-■©' 


ry 


This  equation  .requires  an  assumption  for  the  value  of  T^,  the 

tempemture  at  the  end  of  the  suction  stroke.     As  already  stated, 

H  not  a  great  deal  is  known  about  this.     8.  A.  Moss  states  that 

^nKperiments  have  shown  it    to    be   between    2(X)-3(X)   degrees 

^IKhrenheU,  that  is,  660-760  degrees  absolute,  but  gives  no  details. 

Schottler  in  his  examples  on  type-cycles  assumes  in  mcist  cases 

350 decrees  f>ntigrade  absolute,  —  632  degrees  Fahrenheit  absolute* 

The  deamnce  volume  required  to  procbiee  a  pressure  p^  and  a 

temperature   T^  will   be  ,  , 

The  fotlomng  table  shows  values  for  the  absolute  compression 
pres?5Ure,  p^  and  the  end  temperature  T^  for  various  values  of  n, 
.of  r,  the  mtio  of  compression,  and  of  T^,     The  value  of  p, has  been 
ame*l  at  12-5  pounds  absolute: 
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It  has  already  been  shown  in  the  previous  chapter  how  the 
cyclic  efficiency  and  consequently  also  the  thermal  efficiency  of 
an  enguie  depends  upon  the  compression  pressure.  It  has  also 
been  shown  that  there  are  commercial  limits  to  the  compression 
pressure  due  to  pre-ignition  of  charge.  As  regards  pre-ignition 
of  chaiige*  which  b  to  Ije  dfetinguLshcd  from  back  firing  or  explo- 
myns  hi  the  exhaust  pipe,  the  greater  danger  of  this  exists  with 
fuel  mixtures  high  in  hydrogen,  Hy{lrogen,  next  to  acetylene, 
possesses  the  lowest,  ignition  point  of  any  of  the  gaseous  fuels 
commonly  employed.  Hence  illuminating  gas  with  about  45 
per  cent  by  volume  of  hydrogen  is  much  more  liable  to  pre-ex- 
plosion  under  the  temperature  of  compression  than  a  producer 
gas  with  15  i>er  cent.  Hence  we  may  use  a  higher  compression 
praisure  iji  the  case  of  the  latter  gas,  and  may  expect ,  and  actually 
obtain,  a  higher  thermal  elTiciency  in  practice*  With  gases  very 
rich  in  CO  and  low  in  hydrogen  there  Ls  little  danger  of  pre-igni- 
tion even  up  to  the  commercial  limit  of  high  pressures.  Lucke 
estinmtes  that  for  every  5  per  cent  of  hydrogen  that  the  gas  eon- 
la  ins  15  pounds  should  Ije  subtracted  from  the  otherwise  allow- 
able compression  pressure.  In  general  it  should  be  borne  in 
mind,  and  this  applies  to  all  fuel  mixtures,  the  better  and  more 
effeclive  the  cooling  of  the  cylinder,  the  higher  can  be  the  com- 
pression without  danger  of  pre-ignition.  Anything  which  draws 
down  the  temjiemture  during  compression,  as  water  injection, 
h  also  favorable  to  the  same  thing.  A  case  in  j>oint  is  Banki*s 
method  of  water  injection  with  gasoline  as  fuel,  by  which  means 
compression  pressures  could  be  empinyeil  which  gave  thermal 
efficiency  results  equal  to  the  best  obtainetl  on  lean  gases, 

Premature  exphisions  are  sometimes  directly  due  to  faulty 
design  of  the  combustion  chamber.  Any  projecting  point  or 
etlge  in  the  chamber  which  cannot  be  effectively  water-c^ooletl 
may  l^ecome  rerl  hot  under  compression,  and  thus  locally  raise 
the  tetufx^rature  high  enough  to  cauf^e  pre-ignition.  This  action 
is  i*o  certain  that  it  has  been  pro|x*sed  to  use  it  as  a  method  of 
i^rnitiun  by  placing  a  projection  on  the  piston  face.  It  was  found 
tliat  while  this  sclieme  would  work,  it  was  not  8Usce[>tible  of  con- 
troh  and  was  abandoned- 

The  following  table  shows  the  safe  compression  pressures  in 
use  with  the  fuels  eommunly  employed,  as  given  by  Lucke,    The 
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second  column  gives  the  percentage  of  clearance  required  to 
produce  the  pressure  p^  in  terms  of  the  piston  displacement. 
This  column  has  been  computed  assuming  p,  =  13  lbs.  absolute 
and  n  =  1.35. 


Fuel 


%  Cleanaaein 
terms  of  PIstoo 
DupUoemoit 


Gasoline: 

Auto-cngines  with  carbureters,  cooling  not 
very  effective,  high  speeds 

Gasoline: 
Stationary,  slow-speed  engines,  more  effec- 
tive cooling  but  usually  less  simple  com- 
bustion chaml)er 

Kerosene: 

Hot  bulb  injection  and  ignition 

Kerosene: 

Previously  vaporized  in  devices  not  requir- 
ing a  vacuum   

Natural  Gas    

Natural  Gas : 
Average  for  large  and  medium  engines. . . 

Illuminating  gas 

Producer  Gas   

Producer  Gas: 
In  large  engines  water-cooled  on  pistons 
and  valves 

Blast  Furnace  Gas 


45  -95 
Ave.,  65 


60-85 
Ave.,   70 


30-75 

45-85 
Ave.,   65 
75-  130 

Ave.,  115 
60-100 
Ave.,  80 
100-  160 


Ave.,  135 
120  -  190 
Ave.,  155 


35 


35-40 

35 

22 
26 

20 
17 


(c)  The  Combustion  Line.  —  The  shape  of  the  combustion 
line  depends  primarily  upon  the  interrelation  of  three  things: 
composition  of  charge,  point  of  ignition,  and  piston  speed. 

For  every  fuel  there  is  a  certain  fuel-air  mixture  which  gives 
the  greatest  rate  of  flame  propagation,  i.e.,  the  most  rapid  com- 
bustion. Any  further  admixture  of  neutral  gases,  whether  these 
be  air  or  burned  gases,  results  in  a  slower  combustion,  until  there 
comes  a  time  when  ignition  fails.  Suppose,  therefore,  that  in  any 
given  engine  with  full  throttle,  constant  speed,  and  proper  igni- 
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tion,  we  obtain  diagram,  Fig.  4-2,  a.    Now  if  the  throttle  is  partly 

closed,  nmking  the  dilution  of  the  chai^ge  by  the  burned  ga^es 

greater  than  before,  carti,  Fig.  4-2,  6, 

results*    Further  closure  of  the  throttJe 

makes    the    combustion    still    slower, 

Fig.  4-2,  e.     Similar  effects  would  have 

been  obtained  with  full  throttle  if  the 

proportion  of  air  in  the  fr^h  charge  be 

seriously  increased. 

For  proper  combustion  the  time  of 
ignition  should  be  so  chosen  that  the 
eombustion  line  is  vertical  or  nearly 
so*  This  means  that  every  different  fuel 
mixture  and  every  different  piston  speed 
will  have  its  own  proper  point  of 
ignition.  For  tlmt  reason  the  ignition 
apparatus  in  every  engine  should  be 
made  adjustable >  because  the  only  way 
to  determine  the  proper  time  is  by  triaL 
For  small  gasoline  engines  this  adjusting 
may  be  done  by  ear,  since  the  proper 
point  of  ignition  corresponds  nearly 
with  the  highest  speedy  for  a  given 
throttle  position*  For  more  acr urate 
work  the  indicator,  preferably  with  a 
eoiistaut -speed  drum  motion,  should  be 
used.  It  will  in  general  Ije  fotind  when 
ignition  k  right  that  it  occurs  some 
time  before  the  piston  has  reached  the 
dejid  center,  the  amount  of  this  lead  de- 
pending upon  the  mixture  and  the 
pii^ton  speeit  as  above  stated.  What  im- 
properly timed  ignition  result s  in  is 
ft  how  n  in  a  tliagram,  Fig.  4-3,  given  by 
Clerk,  With  pro|>er  ignition  the  normal 
diagram  Is  indicate*!  by  a.  As  f  lie  time 
of  ignition  is  made  later  and  later, 
eards  b,  c  and  d  result,  in  the  last 
cme    flame    propagation    starting    so  Fig.  4-2. 
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late  that  it  barely  overtakes  the  piston  before  the  end  of  the 
stroke. 

If  instead  of  changing  the  time  of  ignition  the  piston  speed 
had   been   increaaetl,  effects  very  similar  to   those  of  Fig.  4-3 , 
would  have  been  obtained.  1 

Thus  tliG  cic|iendence  of  the  shape  of  the  combustion  line  upon 
the  three  factors  mentioned  at  the  outset  is  clear. 

The  maximum  pressure  attained  during  combustion  depends 
upAn  the  heating  vakie  of  the  charge.     With  all  conditions  favor- 
able, the  maximum  pressure  should  be  reach etl  at  or  before  one-, 
tenth  stroke-     The   rich   fuel    mixtures,    those  for  illuminatin§ 
gas,  natural  gas,  gasoline,  etc.,  show  rapid  combustion.     The? 

104^ 'r 


Fio.  4-3. 


cannot  in  general   stand    high    compression ^  and    the  ratio   of 

maximum   pressure,       ,      ,       n  j  .l  ^*    -  ti 

— — I ^ ^— j  simply  called  the  pressure  ratio,  is  usually 

compression   pressure, 

high,  between  3  and  5,  Tlie  naturally  leaner  fuels  like  produce 
gas  and  blast  furnace  gas  ignite  better  when  highly  tH>nipr(^*^ed, 
but  on  account  of  the  generally  low  heating  value  of  their  fuel 
mixtures  the  pressure  ratio  for  these  gases  is  usually  less,  between 
1,5  and  3. 

The  maximum  explosion  pressure  p^,  Fig.  4-1,  even  assuming 
complete  combustion  at  constant  volume,  is  in  no  actual  case  aa 
high  as  that  computed  on  theoretical  grounds  fur  t lie  heat  received 
by  the  cycle.  There  may  he  several  reasons  for  this.  One  is  un- 
doubtedly the  loss  of  heat  to  the  jacket  water  during  explosion. 
This  amouiit  of  heat  is  a  dead  loss  since  it  does  not  even  enter 
the  cycle.  It  is  something,  however,  which  cannot  lie  avoided, 
since  cooling  is  a  necessity  for  other  reasons.  Another  is  due  to 
the  undoubted  fact  that  the  sijecific  heat  of  the  gases  increases 
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with  the  temperature.  We  can  notj  however,  as  yet  matliematU 
cally  gage  this  effec^t,  because  notfiing  definite  is  known  of  the 
law  of  increase;* 

Another  theory  to  account  for  the  faihire  to  realize  theoreti* 
cally  maximum  pressure  assumes  that  combustion  la  not  com- 
plete, thai  b,  that  not  all  of  the  heat  of  the  charge  Ls  liberated 
when  the  piston  starts  ftjrward.  This  results  in  after-burning, 
which  will  be  considered  later.  It  is  quite  likely  that  in  most 
cB^m  these  three  things  combine  to  keep  the  observed  pressure 
below  that  calculated. 

Assume  that  the  combustion  takes  place  at  constant  volume, 
and  let  p^  and  V^,  Fig.  4^1,  be  the  pressure  and  volume  at  the 
end  of  the  explasion. 


Then 


P' 


^^^^andr.^^'^^ 


T. 


pc 


If  the  combustion  line  is  other  than  vertical,  as  indicated  by 
dotted  line  in  Fig.  4^1,  let  p/,  TJ  and  T'^'  be  the  data  for  the 
end  of  the  combustion.     The  above  equations  then  become 


in  the  above  equations  the  values  of  p^  or  p^  are  taken 
from  actual  diagrams,  the  equations  for  T^^  or  7^^^*  will  give  real 
temperatures.  But  if  p^  should  be  computed  from  one  of  the 
thecjn'tical  diagrams  nf  tlie  previous  chapter^  then  the  vahje  of  T ^ 

Inhould  be  mtiltiplitHi  t>y  a  factor  which  expresses  how  much  the 
rnU  value  of  p^  falls  below  the  theoretical  value  of  p^  due  to 
imperfections  of  combustion.  This  factor  is  approximately  equal 
to  the  rutio 


Indicated  ther^nal  efficiency 
cyclic  efficiency 


An  idea  of  tfie  maximum  pressures  p^  or  p/  existing  in  the 
cycle  may  be  gained  by  considering  that  in  most  cases  the  ratio 
p 
^  -  mn  be  made  equal  to  3.    Turning  to  the  table,  page  SS,  we 

*  See  Chapler  X. 


THEORETICAL  CYCLES  MODIFIED  BY  PRACTICE    95 


Fig.  4-6.  From  Stock- 
port engine.  Given 
by  Clerk,  the  Gas  and 
Oil  Engine,  p.  321. 
9}'  X  17^  9  h.p.,  182 
r.p.m.  Illuminat- 
ing gas.  Compression 
90  lb.,  max.  pressure 
270  lb.  Pressure  ratio 
=  2.7. 
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FiQ.  4-6. 


FiQ.  4-7.  From  Homsby- 
Akroyd  kerosene  en- 
gine. 6  H.P.,  225 
r.p.m..  Card  at  about 
}  load.  Hot  bulb 
vaporization,  hence 
pressures  low.  Com- 
pression 45  lbs.,  maxi- 
mum pressure  116  lb. 
Pressure  ratio  =  W 
=  2.2. 


Fio.  4-7. 


Fig.  4-8.  Card 
from  a  gasoline 
engine  given  by 
Lucke,  Gas  En- 
gine Design,  p.  71. 
Vapor  prepared 
outside  cylin- 
der. Compression 
80  lb.,  maximum 
pressure  372  lb. 
Pressure  ratio  V/ 
-  4.07. 
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Fig.  4-9.  Taken  from  Koerting  engine.  700  H.P.  Blast  furnace  gas. 
Max.  pressure  242  lb.,  compression  pressure  127  lb.,  Pressure  ratio  » 
fiJ  -  1.8. 


Fig.  4-10.  From  American  Crossley  producer  gas  engine,  given  by  Langtoo. 
18 J  X  24',  65  K.W.,  200  r.p.m.  Hit-and-miss  governor.  Gas  rather  high 
in  H  and  low  in  CO,  hence  compression  low.  Compression  83  lb.,  maximum 
pressure  248  lb.     Pressure  ratio  W  =  2.7. 

The  following  two  diagrams  show  abnormal  conditions: 


Fig.  4-11. 

Fig.  4-11.  Pronounced  case  of  pre-ignition  in  6  H.P.  Homsby-Akroyd 
kerosene  engine  due  to  too  high  compression.  This  was  cured  by  the 
addition  of  a  little  water  to  the  charge. 
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Fio*  4-12»  Case  of  hack-firing  as  distiJigiiifihed  from  pre-ignition.  Power» 
Oct.  15,  1900.  Explosion  in  the  suction  pipe  at  a  during  the  suction  .stroke' 
Olwerved  in  an  engine  which  attempted  Hcavenging  hy  means  of  os- 
eiUations  of  humcd  gases  in  the  exhaust  pipe*  Bwck-firlnj;^  more  often 
occurs  in  the  exhaust  pipe  due  to  accumulation  of  unlnimeil   gas. 

(d)  The  Expansion  Line.  —  The    expansion   line,   like   the 

compre^on  line,  may  be  taken  to  follow  a  general  law  p  t?"  =■ 

C 
BiAUt,  in  which  n  is  rarely  equal  to  y^     ',  for  the  hirned 

gases.     Assuming  that  combustion  is  ciomplete  when  the  piston 

■  starts  fon^'artl^  the  loss  of  heat  to  the  jacket  during  expansion 
K  should  cause  the  expansion  line  to  lie  helow  the  adiabatic,  that  is^ 
^■Kfihould  be  greater  than  y.  (It  should  be  remembered  in  this 
^connection  that  leaky  pistons  and  valves  cause  an  increase  in  the 
P  true  value  of  n.)     Now  it  is  very  often  found  that  the  expansifin 

line  falls  off  much  more  slowly  than  this,  coinciding  now  and  then 
with  the  adiabatic,  but  xcry  often  lying  between  thb  and  the 
ii^Dthermal^  that  is,  n  is  less  than  y.  The  explanation  of  this 
phenomenon  has  l^een  held  to  be  an  evolution  of  heat  along  tlie 
expansion  line  equal  to  or  exceeding  the  Joss  of  heat  to  the  jacket 
during  this   period,     Several  theories   have  been  advanced   to 

B  explain  this. 

'  The  older  machines  of  Lenoir  and  Hugon  showefl  values  of 
the  exponent  n  for  the  exjmnsion  line  between  1.4  and  1.6,  while 

H  the  earlier  Otto  macliines  showed  values  approximating  L3,     To 

■  explain  this,  Otto,  and  after  him^  Slaby»  at  least  for  a  time, 
advanced  the  theory  of  stratificatmn.  It  was  supfxised  that  the 
chaise  nf  a  4-cycle  machine  could  be  so  arranged  as  to  have 
practically  nothing  but  burned  gasc^  against  the  piston,  next 
|jni('tically  air»  then  u  layer  of  poor  mixture,  and  finally  near  the 

liter  the  fuel   mbtture  in   its  full  strength*     It  was  further 
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asstin^ed  that  this  armngeraent  was  disturbed  but  little  during 
compr^sion*  Hence  ignition  was  sure;  but  as  the  combustion 
progressed  and  reached  the  leaner  layers  of  mixture*  it  became 
more  and  more  slow,  was  not  completed  when  the  piston  started 
forward,  and  was  continued  along  the  expansion  line*  shorn ing  a 
so-called  after-burning.  Thus  Otto  attempted  to  explain  the 
somewhat  slower  rise  of  the  combustion  line  and  the  absence  of 
the  serious  shock  at  the  moment  of  expiation  in  his  gas  engines. 
In  the  fight  against  the  Otto  patent,  tests  were  made  by  the 
Deutz  Company,  by  Dewar  and  by  Teichman,  all  of  which  seeE 
to  support  Otto's  claim  of  stratitieatton.  Slaby  defended 
vigorously ,  It  has,  however,  l^een  pretty  clearly  shown  to-day 
that,  while  stratification  is  not  at  all  impossible,  in  fact  it  is  not 
easy  to  get  a  uniform  mixture,  it  cannot  have  any  marked  effect 
upon  economy  or  performance;  that  is,  the  diagmms  would  not 
be  very  far  different.  The  opinion  of  the  best  writers  of  to-day 
leans  toward  the  requirements  of  most  uniform  mixture  and  rapid 
combustion.  Clerk  has  attempted  to  show  that  some  heat  is 
"suppressed"'  during  the  combustion  period  in  every  gas  engir 
and  released  along  the  expansion  line,  although  to  attempt 
express  these  quantities  in  thermal  units  would  seem  superfluous" 
in  view  of  the  fact  that  we  know  nothing  definite  of  the  variation 
of  specific  he-at  at  high  temperatures.  It  would  seem,  therefore, 
that  after-burning,  if  it  exists,  is  not  a  peculiarity  common  to 
Otto  engines  only.  It  is  merely  evidenced  more  strongly  in  th^ 
Otto  diagrams  by  the  fact  of  higher  piston  speeds  and  porportiol 
ately  smaller  enveloping  surface,  giving  less  time  and  opportunity" 
for  heat  lo^se^  along  the  expansion  line,  as  compared  with  gas 
engines  before  Otto's  time.  Hence,  as  Clerk  puts  it,  the  slow 
dropping  of  the  expansion  line  is  not  the  cause  of  the  greater 
economy  of  the  Otto  engine,  but  nit  her  the  effect  and  evidence  of  it^ 

The  second  explanation  of  the  supix>sed  after-burning  rests  ' 
the  so-called  dismciaiiim  theory.  It  has  been  shown  by  Bunsen 
that  a  comiK>eite  gas  breaks  up  into  its  elements  when  the  tem- 
jjerature  exceeds  certain  limits,  C-onversely,  chemical  combina- 
tions, 3\}eh  as  comlnif^tion,  can  no  longer  take  place  when  this 
tnmjierulnro  limit  is  reacheii.  This  theory  applied  to  the  gas 
nuld  mean  that  at  the  inner  piston  position,  if  the  tern- 
LBe«  to  the  limit,  combustion  no  longer  takes  place, 
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but  just  as  soon  as  the  piston  starts  foru^ard,  resulting  in  a  drop 
of  both  temperature  and  pressure,  combustion  again  ensues  arid 
]Bj  by  the  same  method,  continued  along  the  expansion  line  until 
no  combust ibla  remains.  Clerk  strongly  leans  to  this  view  of  the 
matter.  But  it  has  been  pretty  definitely  shown  that  the  tem- 
peratures in  gas  engines  mrely  exceed  28-3000  degrees  Fahrenheit^ 
and  that  these  temperatures  are  below  the  dissociation  limit.  It  has 
also  l^een  pointed  out  by  Schottler  that  if  this  theory  holds  good  the 
expansion  line  should  be  an  Lsothernml  as  long  as  there  is  com- 
bustion. It  may  therefore  be  concluded  that  dissociation  plays  but 
a  small  part  in  the  combustion  phenomena  found  in  gas  engines. 
Witz,  in  ^^lome  tests  made  with  an  engine  whose  piston  speeds 
could  be  varied,  found  that  in  eiich  case  after-burning  occurred, 
but  that  the  combustion  was  the  more  rapid  and  the  maximum 
pressure  the  higher  {that  is,  after-burning  the  less  noticeable), 
the  greater  the  piston  speed  and  the  warmer  the  jacket  walls. 
Thus  he  concludes  that  after-burning  largely  depends  ajxtn  the 
influence  of  the  walls.  Blaby,  corroborated  by  K.  Meyer,  on  the 
bosi^  of  other  tests,  has  tried  to  show  that  these  conclusions  of 
Witz  are  not  genenilly  applicable*  but  on  weighing  the  evidence, 
and  in  the  light  of  later  achievements,  it  must  be  concluded  that 
they  and  the  principle  based  upon  them,  i.e,,  rapid  combustion 
of  the  leiinest  prissible  mixture  at  the  greatest  possible  piston 
Sfieeib  at  least  represent  a  step  in  the  right  direction  for  gas 
engine  economy. 

From  the  above  it  l^  quite  evident  that  none  of  the  theories 
advancefl  explain  satisfactorily  all  of  the  phases  of  the  question 
of  after- burning,  the  occurrence  of  which  must  be  held  as  proven, 
€?specially  in  the  light  of  hiler  tests.  Sch oilier,  indeed,  has 
offered  another  explanation  for  the  so-called  alinormal  position 
nf  the  expansion  line  by  showing  that  a  natural  solution  of  the 
question  tnay  be  found  in  the  variation  of  the  9i>ecific  heat  of  the 
expanding  gases  with  temperature.  Borne  figures  quoted  by  him 
fihow  that  this  may  be  the  case,  but  before  the  idea  of  after-burn- 
ing C4in  be  di8}>enBed  with,  a  great  deal  more  experimental  work 
m  needed  and  desiraljle. 

The  requirements  for  best  efficiency  of  combustion  and  ex- 
pansion have  already  been  briefly  explained.     In  a  little  greater 
[detail  they  are  as  follows: 
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L    Highest  possible  compression  l>efore  ignition.    The  efife 
of  this  is: 

(a)  Less  admixture  of  burned  gases  to  the  fresh  chaT^e, 

(b)  Ijess  loss  to  jacket  because  smaller  volume  is  involved. 

(c)  Greater  mean  effective  pressure. 

(d)  Lower  terminal  prcs^sure  and  exhaust  loss, 
(f)  Greater  ease  of  ignition  of  cliarge, 

2.  l^re  and  uniform  mbcture  and  rapid  combustion  to  avoij 
after-burning.     The  bad  effect  of  after-burning  is  due  to  t  he  great' 
jacket  loss  along  the  expansion  line,  and  its  eiTeet  has  been  con> 
pared  by  Koerting  to  that  of  a  leaky  valve  in  a  steam  engine. 

3.  Avoid  external  cooling.     This  of  course  cannot  l>e  entirely 

eliminatetL     But  since  the  amount  of  heat  lost  by  cooling  is 

function  of  Iwth  time  and  superficial  surface,  this  requirement 

calls  for  high  piston  speeds  and  a  form  of  cylinder  in  which  thi^ 

,,    suiierficial  surface  .    .,  „    ^  -t , 

ratio  ^ — -. — IS  the  smallest  possible, 

volume 

At  the  moment  the  exhaust  valve  opens,  the  gases  have  ex- 
panded to  a  volume  V^,  with  a  pressure  p^  and  a  temperalum 
Tyf  see  Fig.  4-L     We  may  write 


p,=  ^|).a„dr.=  7-(i) 


The  ratio  —  is  the  real  ratio  of  expansion.     The  expressions  fo 

V 

the  value  of  p^  ami  T^  for  the  constant -preasure  cycle  are  ana- 
logues; care  should  be  taken,  however,  to  use  the  proper  mtio  of 
expansion,  which  in  Ihis  case  is  quite  different  from  the  ratio 
compression.      In  the  case  of  the  Otto  cycle  the  ratio  of  ex\ 
pansion  is  in  most  instances  nearly  as  great   as   the   ratio 
compression    r,  and  w^e  may  therefore  write,  from  the  above  ti 
pression  for  p^ 


py  = 


P^ 


This  shows  why  the  terminal  pressure  decre^es  with  i\ 
amount  of  com  pression » and  also  p<>ints  out  why  the  question 

**^'*iuoleto  expansion"  is  of  no  practical  importance. 

1^:  Hxii\UMT  Strokk.  —  The  velocity  of  efflux  of  gas 
it  the  exhaust  valve  opens  is  very  high,  approximat- 
't.  per  second.   The  valve  should  start  to  open  at  about 
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,*a  0iit  stroke,  and  the  opening  should  be  of  such  size  that  equaliza- 
tion of  pressure  is  praL'tically  estahlii3lie<i  by  the  time  the  outer 
dead  center  is  reaehed.  Too  gmall  an  opening  means  increased 
lost  work  due  to  higher  l)ac'k  pressure,  higher  mean  cylinder 
tem[ieniturt^,  and  less  cylinder  capacity.  To  get  some  idea  of 
the  chalking  and  discharging  operations  of  t  he  fcjur-cycle  cylinder 
it  is  best  to  take  the  so-c^alleti  kfop  card  with  a  weak  springy  say 


Fm.  4-13. 

10--30  Ik  scale,  with  stop  attached.  Besides  giving  a  measure 
of  the  c barging  work,  the  so-called  fliiid  friction,  this  also  often 
revciUs  defects  in  the  valve  niechaniKm  and  sometimes  curious 
variations  in  the  exhaust  line,  which,  however,  are  nearly  always 
due.  not  to  the  engine,  but  to  the  exhaust  piping.  The  ideal 
exhaujst  line  sliould  drop  quickly  nearly  to  atmosphere  and  re- 
main so   throughout  the  stroke.     Fig.  4- IS,  from  a  16 J  X  22 


Btfulhers-Wells  automatic  engine  on  natural  gas  at  full  load, 
shows  a  nearly  i<ieal  exhaust  line  and  in  fact  a  very  good  loop 
canL  Many  loop  diagrams,  however,  show  a  vacuum  at  the 
beginning  of  the  exhaust  stroke.  Thb  is  undoubtedly  due  to  the 
inertia  of  the  initial  gas  column  once  set  in  motion.  In  some 
rases  the  indication  of  a  vacuum  m  only  very  slight,  in  others  it 
may  \mi  for  half  the  stroke.     In  fact  some  builders  have  tried  to 
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utilize  the  phenomenon  to  help  scavenge  the  cylinder,  but  nothing 
has  resulted  from  it  because  so  many  accidental  conditions  are 
apt  to  interfere  with  the  regularity  of  its  occurrence.  Fig.  4-14 
from  a  6  horse-power  Hornsby-Akroyd  oil  engine  shows  the 
occurrence  of  the  vacuum  very  plainly.  Owing  to  some  pecu- 
liarities in  the  exhaust  pipe,  it  sometimes  happens  that  the  masses 
of  exhaust  gas  in  the  pipe  are  set  into  vibrations  which  cause  a 
recurring  vacuum  in  the  exhaust  line.  Fig.  4-15,  given  by  Giildner, 
shgws  a  diagram  from  an  Otto  engine  in  which  this  occurred. 

The  absolute  size  of  the  loop,  i.e.,  the  fluid  friction,  varies 
with  the  method  of  regulation,  and,  in  a  hit-and-miss  engine,  with 
the  load  on  the  engine.  The  effect  of  the  method  of  r^ulation 
will  be  discussed  in  a  later  chapter.  In  a  hit-and-miss  engine  at 
low  loads  the  cylinder  is  cooler  than  at  high  loads,  and  the  w^eight 
of  gases  displaced  is  greater,  hence  we  may  expect  a  greater  area 
of  loop  than  at  normal  loads.     Humphrey,  in  a  test  of  a  400 


Fig.  4-15. 

horse-power  Crossley  engine,  determined  a  fluid  friction  loss  of 
15  horse-power  at  full  load,  w^hich  is  ^V  =  3.8  per  cent.  When 
the  engine  was  taking  in  air  only,  this  loss  was  33  horse-power, 
but  even  assuming  that  there  was  no  increased  loss  at  say  half 
load,  the  fluid  friction  would  thus  have  been  ^\  =  7.5  per  cent. 
It  is  found  in  general  practice  that  fluid  friction  in  hit-and-miss 
engines  represents  from  4-10  per  cent  of  the  engine  power  at  full 
load,  depending  upon  proper  design. 

3.  The  two-stroke  Otto  Cycle.  Fundamentally  there  is  no 
diff'erence  between  the  compression,  combustion  and  expansion 
lines  of  the  four-cycle  and  two-cycle  types  of  engines,  whether 
they  operate  on  the  constant-volume  or  constant-pressure  com- 
bustion principle.  The  difference  between  the  methods  of  opera- 
tion 'is  principally  that  the  exhaust  and  charging  actions  of  the 
four-cycle  type  are  done  in  another  way  in  the  two-cycle,  and  that 
therefore  the  crank  receives  an  impulse  every  revolution  instead 
of  every  other.     Fig.  4-16  shows  an  idealized  two-cycle  diagram. 
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The  exlmiist  opens  as  before  at  a,  the  exhaust  gases  escapei  charg- 
ing commences,  and  \s  finished  at  6,  where  compression  commen- 
ces. That  is  the  ordinary  operation.  There  are  some  modification^i, 
as  for  instance  fuel  is  pumped  in  under  high  pressure  along  the 
compression  line,  or,  as  in  the  Diesel,  air  alone  is  compressed  and 
the  fuel  injected  only  when  the  compression  is  completed;  but' 
these  are  special  cases.  It  will  be  seen,  therefore,  from  the  dia- 
gram that  in  the  ordinary  case  the  exhaust  and  chaining  actions 
must  be  done  during  the  time  that  the  piston  moves  from  a  to  the 
dead  center  position  e,  and  back  again  to  b.  This  time  is  short 
at  best  and  extremely  short  under  high  speeds,  and  therein  lies 
the  whole  drfficuhy  of  two-cycle  operation. 

The  prime  requirement   of  two-cycle  operation  Ls  thorough 
scavenging  of  the  cylinder  of  burned  gases,  for  upon  that  depends 


not  only  the  volume  of  the  fresh  mixture  that  can  be  taken  in,  but 
abo  the  exploisibility  of  the  charge.  Too  great  a  remainder  of 
8uch  gases  not  only  seriously  decreases  the  capacity  of  the  ma- 
chine, but  it  may  even  go  no  far  as  to  prevent  ignition  altogether. 
Thus,  as  Gi'ildner  aptly  says,  the  two*cycle  stands  or  falls  W4th 
tlie  perfecfiori  or  imperfection  of  the  scavenging  process.  In  the 
light  of  these  facts  it  is  comparatively  easy  to  point  out  the  re- 
quirement for  good  two-cycle  operation. 

L  The  exhauwt  gases  should  be  at  approximately  atmospheric 
pressure  by  the  time  the  point  f ,  FLg.4-16»  is  reiiche<L  This  reduces 
the  volume  of  the  gases  remaining  in  the  cylinder  and  reduces  the 
work  displacing  them.  For  that  reason  the  exhaust  port  should 
be  of  ample  sisse,  and  this  explains  why  the  ring  of  ports,  unco%^ered 
by  the  pbton,  is  so  much  used.  An  exhaust  valve  as  such  is 
done  away  with* 
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IL  Scavenging  should  commence  somewhere  beti^^een  a  and  c. 
The  scavenging  agents  used  are 

(a)  Air:  (b)  fuol  mixture. 
The  means  by  which  the  scavenging  agent  is  fumfehed  are 

(a')  Separate  pumps, 

(f/)  One  end  of  cylinder  or  cross*hcad,  used  as  pump. 

(c')  Crank  case  used  as  pump. 

Of  these  combinations,  a-a'  is  undoubtedly  the  best.     It  w 
unquestionable  that  for  thormigh  scavengh)^  some  e\ce^  of  the 
agent  should  be  employed,  and  for  this  only  air  and  not  fuel  miv 
ture  can  be  used.     Now  only  independent  pumps  admit  of  the 
obtaining  of  such  an  excels.      It  \s.  plain,  however,  that  it  won  1*1 
not  pay  to  constriict  independent  pumps  for  all  sixes  of  machinesj^^ 
hence  they  are  restricted  to  large  or  at  least  ma  Hum  powers^H 
When  independent   pumps  are  not   em  ploy  wl   tlicre  is  lisually 
some  deficiency  of  air.     The  designer^  by  proper  design  of  com-^ 
buBtion  chamber  and  valves,  is  then  compelled  to  do  the  b^t  h^M 
can  with  the  means  at  hand.    Using  tlie  front  end  of  the  cylinder  or^^ 
designing  the  cross-head  as  a  pumji  is  better  than  using  the  cmnk 
case  as  such,  mainly  on  account  of  less  leakage,  smaller  clearance 
spaces  and  the  possible  better  arrangement  of  valves.   Fuel  mixtures 
should  under  no  circumstances  be  used  for  scavenging,  excefit 
where  cheapness  of  machine  is  the  primary  factor.  Hence  the  small 
two-cycle  machine  which  uses  the  fuel  mixture  as  thoscavengiug 
agent,  compressing  it  previously  in  the  crank  case.  Such  machincs»^j 
however,  present  no  true  pictureof  two  cycle  ojieration  or  ecDnomy.^| 

III.   The  scavenging  agent  shouhl  lie  of  low  pressure,  and  if 
possible  of  constant  pressure.     Ijow  pressure  is  required  to  pre- 
vent the  incoming  air  from  piercing  through  and  breaking  up  the 
mass  of  burned  gases.     The  idea  is  to  have  the  scavenging  a 
shove  these  gases  ahead  of  itself  in  a  solid  column.     ConstanI 
pressure  can  be  maintained  only  by  the  interposition  of  a  rese: 
voir  between  the  pumj:)s  and  the  cylinder.     Regarding  the  prcs 
sure  of  the  scavenging  air,  however,  a  great  deal  depends  upon 
valve  and  port  construction,  and  speed  of  operation,  hence  nothing 
definite  can  be  said  to  fit  all  cases. 

4-  The  Constant-pressure  cycle.  At  present  this  is  only  carrii 
out  as  a  ft>ur-stn)ko  cycle  with  oil  fuel  in  the  Diesel  engine*  Fund 
mentally  the  modification  in  practice  of  the  suction,  compression 
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expansion,  and  exhaust  lines  do  not  differ  from  those  already  out- 
lined for  the  Otto  cycle.  The  combustion  line  needs  a  little  further 
atiention. 

The  first  cycle  proposal  by  Diesel  consisted  of  isothermal  and 
then  adiabatic  compression,  Isothermal  cfmibustion  and  adiabatic 
expansion.  Tfib  agrees  with  the  Carm>t  cycle.  Difficulties  in 
the  way  of  practical  realization ^  however,  lead  to  modifications  of 
thk  proposed  cycle  until  the  actual  cycle  of  to-day  has  little  in 
common  with  it.  In  the  first  place »  approximately  adiabatic 
compression,  such  us  h  used  in  any  ^as  engine,  was  snl)stiiuted 
for  the  two  compression  lines  originally  proposed.  The  greatest 
clinnge^  however,  is  in  the  combustion  line.  In  a  lecture  given 
by  Diesel,  a  translation  of  wliich  was  printeil  in  the  Progrt^sMve 
Age,  18*J7^  he  lays  down  as  the  third  requirement  of  hia  modified 
cycle  **that  the  fuel  must  be  intrtKluceti  gradually  into  the  air, 
which  b  compressed  atliabatically  to  tlie  combustion  tempera- 
turn,  in  such  a  manner  that  the  heat  generated  by  gradual  com- 
bustion Ls  absorbetl  in  tlie  so-calle<l  nascent  state  in  consequence 
of  a  correspimrling  ex|>ansionj  i.e.,  l>y  mechanically  cooling  off 
the  gases,  so  that  the  |>eriixl  of  combustion  is  going  on  constantly 
iftothermnlly.  It  Ls  evident  that  the  fuel,  in  order  to  fulfil  that 
condition,  nutst  be  changed  in  its  physical  con^position  to  a  gas- 
eous, liquid f  or  powdery  form." 

**Tlial  i.s  to  sii\\  that  through  the  conibustion  and  during  the 
.Hanie,  no,  or  a  relatively  ijuudl,  increase  of  temperature  is  caused,  an 
idea  which  seems  to  be  alisurd  after  having  heretofore  always 
effected  the  iuereuse  In  teni|>erature  by  the  conibustion  and  during 
the  Bame/* 

So  far  Diesel,  even  after  the  experimental  stage  of  his  engine 
had  pfussed*  It  h  (ptite  evident  that  to  ap]iro\iniate  this  isotlier- 
mat  conibustion.  it  r^annot,  after  ignition,  be  left  to  itself,  but 
must  l>e  externally  regulated  to  maintain  the  proper  relation 
tween  tcm|jcrature.  ]>ressure,  and  vohune,  as  Diesel  Iiimself 
lys*  In  the  Diesel  engine  as  at  present  constructed  no  such 
control  m  attempt etl,  and  it  is  hence  difficult  to  see  how  isothermal 
romlMts^tirui  run  he  realized.  CSuldner,  from  indicator  diagrams 
publii^hetl  by  Hchruter  in  1807,  accordingly  found  u|x»n  analysis 
that  there wai*  a  decideti  temperature  increase  along  the  combustion 
line.  Theairwas  compressed  to  GOO  degrees  Centigrade  (11 32  degrees 
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Fahrenheit).  At  the  full  cut-off  this  had  increased  to  about  1500 de- 
grees Centigrade  (2732  degrees  Fahrenheit),  and  due  to  after-burn- 
ing the  maximum  temperature  was  about  150  d^rees  Centigrade 
(270  d^rees  Fahrenheit)  higher  than  this.  The  mean  temperature 
of  the  four  strokes  was  about  500  d^rees  Centigrade  (932  degrees 
Fahrenheit).  This  in  spite  of  the  fact  that  the  combustion  line 
looked  isothermal.  In  this  case  the  maximum  temperature  was 
2 J*  times  that  at  the  end  of  compression.  The  temperatures  thus 
realized  are  higher  than  those  found  in  engines  using  constant- 
volume  combustion,  in  spite  of  claims  to  the  contrary. 


Fig.  4-17. 
Fig.  4-17,  from  a  German  Diesel  engine  of  late  date,  shows  that 
the  combustion  is  much  nearer  that  at  constant  pressure  than 
anything  else.  This  is  a  step  in  the  right  direction,  as  it  can  be 
shown  that  isothermal  combustion  is  the  least  favorable  to  best 
efficiency.     (See  previous  chapter.) 


Fig. 


Fig.  4-18. 
4-18  shows  a  diagram  published  by  the  American  Diesel 
Engine  Company  as  late  as  1904  or  1905.  In  the  literature  accom- 
panying the  diagram,  the  claim  of  isothermal  combustion  is  stUl 
made.  The  combustion  line  certainly  has  that  appearance,  but 
data  is  unfortunately  lacking  to  analyze  the  diagram.  In  view 
of  the  fact  that  the  control  of  combustion  in  this  engine  has  not 
changed  very  materially  since  1897,  it  is  safe  to  assume  that  the 
combustion  is  not  isothermal,  and  it  is  perhaps  to  the  advantage 
of  the  engine  that  it  is  not. 


CHAPTER  V 

THE  TEMPERATURE-ENTROPY  DIAGRAM  APPLIED  TO  THE  GAS 

ENGINE 

The  meaning  of  the  term  "Entropy"  has  already  been  ex- 
plained in  a  previous  chapter.  It  was  also  shown  there  what 
shape  various  pressure-volume  diagrams  assume  when  trans- 
formed to  a  temperature-entropy  basis.  It  is  proposed  to  show 
here  mathematically,  and  graphically  if  possible,  how  this  trans- 
formation is  made. 

Just  as  the  p-v  diagram,  by  areas  developed,  shows  the  amount 
of  work  done  during  various  events  of  the  cycle,  the  entropy 
diagram  shows  heat  interchanges  for  the  various  parts  of  the 
cycle,  and  it  is  therefore  a  valuable  aid  in  giving  an  insight  into 
the  thermal  actions  of  the  cylinder.  Unfortunately  the  labor 
connected  with  the  transposition  of  the  p-v  diagram  of  a  gas 
engine  to  the  entropy  diagram  is  considerable,  much  greater 
than  is  the  case  for  a  steam-engine  diagram.  The  reason  is  that 
in  steam  we  have  a  medium  whose  properties  are  definite  and 
unchangeable,  and  which  are  at  once  known  when  a  single  criterion 
of  the  state  of  the  vapor  is  given.  It  is  possible  also  to  construct 
entropy  tables  for  th6m  which  facilitate  the  work  of  transposition 
very  much.  On  the  other  hand,  a  p-v  diagram  for  a  gas  engine 
represents  factors  which  hold  for  that  diagram  and  no  other. 
Such  are  the  composition  of  the  charge,  the  specific  heats  of  the 
mixture,  the  exponents  of  the  compression  and  expansion  lines, 
etc.,  and  all  are  important  for  the  accurate  determination  of  the 
entropy  diagram.  It  may  be  said  that  for  every  different  load 
on  a  gas  engine  these  factors  differ,  and  they  will  even  change 
with  accidental  variation  in  engine  operation  at  the  same  load. 
Hence  the  construction  of  entropy  tables  for  gas  mixtures,  while 
possible,  would  be  of  use  only  when  the  conditions  of  operation 
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happened  to  fit  the  conditions  wliich  were  assumed  in  the  com- 
putations of  such  tables.  That  would  not  often  be  the  case. 
Even  a  closely  matheniatif^it  traa^formMiion  of  tlie  p-v  to  the 
entropy  diagram  Is  subject  to  errors,  whicJi  make  many  authori- 
ties skeptical  as  to  the  real  value  of  the  diagram.  These  errors 
may  be  grouped  under  two  heads: 

1.  Errtim  due  to  transformation,  that  is,  errors  due  to  incor- 
rectly measuring  pressures  and  volumes  from  the  p-v  diagram/ 
and  mathenuitical  errors  of  computation.  All  these  may  be  kept' 
below  the  required  limit  by  sufticiently  careful  work.  The  orig- 
inal p-v  diagram  should  be  carefully  enlarged  and  the  measure- 
ments taken  from  this.     The  larger  the  scale,  the  better, 

2,  Errors  due  to  assumijig  specific  heat  constant  with  pr 
sure  and  temperature.     How  far  this  assumption  is  justifies!  will 
be  shown  in  a  later  chapter*     We  know  that  there  is  a  variation, 
but  tfie  law  is  not  definitely  known  for  composite  gases,  as  CO^j 
and  hence  our  assumption  of  constant  specific  heat  results  in 
distort eti  entropy  diagmm.     Hut  this  assiimption  is  the  best  we" 
can  make  witii  our  piusent  knowledge. 

It  should  lie  clear  from  the  above  that  a  strictly  graphical, 
and  tficrcfnre  time-saving,  method  of  constructing  the  entropy 
diagram  is  out  of  question.  The  greatest  stumbling  block  to  the 
general  applicability  of  such  a  metfiod  i^  apparently  the  variation 
of  Ihe  specific  heat  with  variation  in  com  ]>t  is  it  ion  of  the  charge. 
One  of  the  Ijcst  grai>hicul  methods  assumes  that  the  value  o£ 


Cp-a 


is  always  equal  to  2.45  for  the  fxirfect  gases.     This  la\ 


however,  appears  to  hold  only  for  such  gases  as  H,  O,  N  and  CO| 

C 

whose  y^  m  close  to  L41,     For  gases  like  superheated  steam, 

C 

OO3 1  he  factor  is  considerably  higher.     Hence  the  value  of        ^ 


at  least  shouhl  be  fairly  accurately  computetl  even  in  using  tlii 
gmi>iiical  construct  ion,  the  mcthcKl  for  which  will  be  explaine 
later  on. 

Another  i>oiiit  I  hat  sliouhl  be  mentionc^l  is  the  fact  that  buC 
few  gas  engine  trials  are  suJhcienlly  chi borate  to  furnish  enough.^ 
data  for  the  mathematical  determination  of  the  entropy  diagrar 
The  following  data  sliouhl  be  known: 
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1.  Composition  and  weight  of  fresh  charge  and  burned  gases. 

2.  Heating  value  of  the  fuel  and  of  the  charge. 

3.  Temperature  at  some  point  of  the  p-v  diagram,  preferably 
at  end  of  suction  stroke. 

4.  Stroke  and  clearance  volume. 

5.  Index  of  the  expansion  and  compression  lines. 

In  the  following  will  be  given  first  the  mathematical  basis  for 
the  entropy  diagram;  this  will  be  followed  by  the  actual  con- 
struction of  such  a  diagram,  and  finally  it  will  be  shown  how  the 
same  diagram  can  be  obtained  in  a  way  mainly  graphical. 

The  following  mathematical  exposition  is  due  to  Grover.*  His 
demonstration  of  the  general  expression  for  entropy  of  a  gas  is 
especially  clear. 

I^et  H  =  quantity  of  heat  in  thermal  units  added  to  or 
subtracted  from  a  mass  of  gas. 

C\  =  specific  heat  at  constant  volume. 
Cp  =  specdfic  heat  at  constant  pressure. 
T  =  absolute  temperature. 
p  =  al)solute  pressure  in  pounds  per  square  foot. 
V  =  volume  in  cubic  feet. 
./  =  mechanical  equivalent  of  heat. 
<^  =  entropy. 
It  mav  be  remembered  from  the  statements  in  Chap.  II  that 

H-f  <., 

When  heat  is  supplied  to  a  mass  of  gas  the  volume,  pressure, 
and  temperature  of  the  gas  may  vary  simultaneously.  Hence  wc 
may  write  the  energy  changes  occurring  under  the  conditions  in 
the  following  general  terms,  following  Grover: 


Addition  of  heat 
may  produce 


Additional  internal 
energy  of  the  gas  in- 
volving rise  of  tem- 
perature and  pres- 
sure. 


External  effect  of 
work  done  by  tlie 
'  +  ^  gas  expanding  be- 
tween its  contain- 
ing walls. 


With  the  notation  above  given  we  may  write  this 
♦  Grover,  Modem  Gas  and  Oil  Engines. 


SH  =  C^T  +  |SF  (2) 
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but  £?  =  iJ  =  J(Cp  -  Cv)  (3) 

hence  p  =  J(Cp  -  Q—  (4) 


(5) 


Substituting  (4)  for  p  in  equation  (2) 

SH  =  CvST  +  (C,  -  Cv)  T— 

and  8<^  =  «^=a|:  +  (C,-C.)-^  ^g^ 

which  is  the  general  equation  for -entropy  of  a  gas. 

Now  heat  may  be  added  to  or  subtracted  from  a  body  of  gas 
under  three  conditions:  (a)  at  constant  volume;  (6)  at  constant 
pressure;  or  (c)  pressure  and  volume  may  change  at  the  same 
time. 

Case  (a).  Change  of  heat  at  constant  volume. 
Under  this  condition 

(C,-C.)^=0  (7^ 

and  we  shall  have  from  (6)  simply 


_  8//__       ST 


Ca^se  (6).   Change  of  heat  at  constant  pressure. 
From  pv  =  RT 
and  p^  =  R^T 


we  may  derive 

RT—  =  RST 

or 

8v     &T 
V      T 

(9) 


Substituting  this  value  of  —  in  equation  (6)  we  have 

V 


Case  (c).   Simultaneous  change  of  pressure  and  volume. 
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For  this  condition  we  may  write 

pt^  =  Pit?i  *=  constant  *    (11) 

From  pv  =  RT,  we  have 

=  :??! 
^        V  (12) 

Substituting  (12)  in  (11) 

RTif"-^  =  constant  (13) 

Differentiatmg  (13) 

STv^-^  +  T  (n-1)  v*"-^  Si?  =  0  (14) 

STifr'  =  -  r  (n-1)  7f-^  &y  (15) 

Divide  by  if""' 

^  =  -^("-1)T  (16) 

or  St;  Sr 


V  r  (n  -  1)  (17) 

Substituting  (17)  in  general  equation  (6) 

«<^=y  =Cvy-(C^-a)y^^_^^  (18) 

To  simplify  this,  write 

^^' =  y,  or  C,  =  rC.  ^jg^ 

and  substitute  this  value  of  Cp  in  (18) 


^TV^      n-lj 

~^*r  U  -  ly 


Restating  these  results  we  have 
Volume  Constant 


(20) 


8^  =  Cv  Y 


112  INTERNAL  COMBUSTION  ENGINES 

and  entropy  change  is 

*,-,A,  =  C.log,^  (21) 

Pressure  Constant 


=  Cp 


T 


'         '         '    '^Pi  (22) 

Change  of  volume  and  pressure,  according  to  jnf   =  constant. 

and  /    _    \         T 

As  already  stated,  it  is  not  easy  to  obtain  tests  which  give 
sufficient  data  to  construct  the  entropy  diagram.  One  of  the 
most  complete  was  a  test  by  Brooks  and  Steward,  made  twenty- 
three  years  ago  at  Stevens  Institute.  The  engine  tested  developed 
about  7  horse-power  on  illuminating  gas.  Although  several  of 
the  operating  conditions  of  this  test,  especially  the  low  compres- 
sion pressure  of  43.5  pounds,  do  not  represent  modem  practice, 
the  complete  data  furnished  makes  this  test  well  adapted  to  the 
purpose  in  view. 

I.  Mathematical   Construction   of   the   Entropy   Diagram. 
All  pressures  and  temperatures  are  absolute. 
1.    Composition  and  weight  of  fresh  charge  and  burned  gases. 

(a)  Composition  of  illuminating  gas  by  volume. 

H  CH,  N  C3H,  CO  O      HjO 

.395  .373  .082  .066  .043  .014      .027 

From  this  we  compute  the  weight  of  a  standard  cubic  foot  of 
gas  at  .03882  pounds. 

(b)  lliitio  of  air  to  gas  by  volume   =    6.63,  from  test. 
Ratio  of  air  to  gas  by  weight       =  13.78,  from  test. 

(c)  Volume  and  weight  of  the  various  gases  per  stroke. 

The  figures  are  given  in  the  report  in  metric  units.  They  are 
transposed  as  follows: 
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For  one  charge  stroke  the  engine  takes  the  following  volumes: 

1.40  liters  of  gas  \  r  .0494  cii.  ft.  of  gas  \ 

Vat  295°  C.  =•]  [•  at  533°  F. 

9.25  liters  of  air   )  (  .3265  cu.  ft.  of  air  ) 

7.94  liters  of  buraed  gas  at  683°  C.=  .2805  cu.  ft,  burned  gas  at 

1261°  F. 
Now,  — 

.0494  cu.  ft.  of  gas  at  533°  F.  =  .0457  cu.  ft.  at  493°  F. 

which  weigh      .00178  lb. 
..3265  cu.  ft.  of  air  at  533°  F.  =  .3020  cu.  ft.  at  493°  F. 

which  weigh     .02437  lb. 
.2805  cu.  ft.  burned  gas  at  1261°  F.  =  .1091  cu.  ft.  at 

493°  F.  which  weigh      .00862  lb. 
Hence  total  weight  of  charge  =  .03477  lb. 

(d)  Composition  of  exhaust  gases. 

From  above  composition  of  illuminating  gas  the  theoretical 
ratio  of  air  to  gas  by  volume  is  5.93.     Hence  excess  coefficient  Is 

6.63 

5.93  =  ^-^^^ 

The  weights  of  the  products  of  combustion,  therefore,  from 
1  pound  of  gas  will  be 

1.9401b.  COj^ 

r  from  gas  burned. 
1.740  1b.  H,0) 

.006  lb.  N         originally  in  gas. 
9.490  lb.  N         from  air  used  for  combustion. 
1.120  lb.  N      ^ 

r  from  excess  air. 
.340  lb.  O      ) 

From  this  the  composition  per  cent  by  weight  of  the  exhaust 
gases  is 

CO,  HjO  N  O 

13.18        11.82  72.70  2.30 

(e)  Cp  and  C^  for  the  fresh  charge  and  the  exhaust  gases  are 
found  by  computation  to  be  as  follows: 
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For  fresh  charge,  C^    =  .265,  C^  =  .191,  ^  =  y  =  1.39 
For  burned  gases,  C,    =  .268,  C,  =  .196,  ^  =  y  =  1.37 
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FiQ.  5-1. 

2.  Heating  value  of  the  fuel  is  found  by  computation  to  be 
617.5  B.  T.  U.  per  cubic  foot. 

Heating  value  of  the  charge  as  computed  for  the  weight  of 
gas  in  a  charge  is  29.06  B.  T.  U. 
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3.  The  absolute  pressure  at  the  end  of  the  suction  stroke, 
see  diagram,  Fig.  5-1,  was  12.3  lb.  Brooks  and  Stewart  calcu- 
lated the  absolute  temperature  for  the  same  p(5int  at  739  degrees 
Fahrenheit.     By  using  the  equation 

T      T, 

temperatures  were  computed  for  various  points  around  the  cycle 
as  indicated  on  the  card.  In  Fig.  5-1  the  full  line  shows  the  actual 
card,  enlarged  from  the  original  of  Brooks  and  Stewart,  while  the 
broken  line  indicates  the  ideal  cycle  which  receives  the  same 
amount  of  heat. 

4.  Stroke  volume  =  .460  cu.  ft. 
Clearance  volume      =  .280  cu.  ft. 

Total  volume  =  .740  cu.  ft. 

5.  Index  for  expansion  and  compression  lines. 

The  index  of  the  ideal  card  is  1.39  for  the  compression  and 
1.37  for  the  expansion  line  as  computed  under  (1,  e).  For  the 
real  diagram  it  is  often  found  that  the  index  is  not  a  constant  for 
the  entire  line.  For  that  reason  each  line  should  be  divided  into 
a  number  of  parts  and  the  index  determined  for  each. 


Fig.  5-2. 
The  method  of  doing  this  is  as  follows:  To  determine  the 
index  between  any  two  points  a  and  b  on  the  expansion  or  com,- 
pression  line,  Fig.  5-2,  find  the  volumes  and  absolute  pressures 
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for  each  point  from  the  diagram, 
in  the  equation  yn?"  =  constant  is 


Then  the  exponent  or  index 


ria-^h  = 


log,p  -log.p 

log^Vft  -  \0geVa 


In  the  case  of  the  diagram  under  discussion  this  method  when 
applied  to  the  expansion  and  compression  lines  gave  the  follow- 
ing results: 


Expansion  line 

Part  of  line 

Index 

54.6  to    68.2  1b. 

n  =  1.433 

68.2  to    87.61b. 

=  1.384 

87.6  to  116.01b. 

=  1.281 

116.0  to  135.01b. 

=  1.149 

Compression  line 

Part  of  line 

Index 

12.3  to  18.1 

n  =  1.390 

18.1  to  23.0 

=  1.390 

23.0  to  30.0 

=  1.351 

31.0  to  43.5 

=  1.272 

We  are  now  ready  to  make  the  entropy  computations.  Since 
entropy  difference  from  point  to  point  and  not  absolute  value  of 
entropy  Ls  the  important  thing,  we  may  call  the  entropy  at  any 
convenient  point  in  the  cycle  equal  to  zero.  We  therefore  assume 
the  entropy  at  the  end  of  the  suction  stroke  equal  to  0,  and  we 
will  cnll  the  entropy  difference  between  any  two  points  =<^i   - 

Ideal  Card,     (See  temperatures  in  Fig.  5-1.) 

1.  Compression  line  Ls  adiabatic,  hence  entropy  =  0  also  at 
the  end  of  this  line. 

2.  Combustion  line. 

<!>  =  * 23,3  -<^ 40.6=  .196 log, ^^23  ^  3^^^ 

3.  Expansion  line  is  adiabatic,  hence  entropy  is  not  changed 
and  =  .3166  at  end  of  this  line. 
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^^^  4.   Dkehni'ge  iiue.                                                                                      ^^^^| 
^               <.  =  ^  ^  3  -  +  „..=  -106  log,   !^^  =  -  .3166                                  ^H 

■         This  locates  the  end  pniuts  of  the  cunibusiion  and  dLseharge             ^^^^| 
lines  in  the  etitropy  diagratn.     But  the^e  lines  are  curves  and             ^^^^| 
hence  Bcveml  intermaliato  points  on  eucli  line  shotdd  be  deter-             ^^^^| 
mined    by   similar    computations.    The    diagram    obtained    by             ^^^^| 
plotting  temf^enttures  and  vokmies  uf  entropy  above  cotnputcd             ^^^^| 
is  shown  in  broken  line  in  Fig.  5-3.                                                               ^^^H 
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^^^L             »              V     .<a    4M    JM    .^    J«    AX   Ai.    Jfi    .IB    ^    M    ^^    ^    J^    ^    .^                               ^^^^H 

H       Acitial  Card.     For  tlie  actual  can!  T\'e  procee<l  in  an  exactly               ^^^H 

■  giniilar  manner,  tiding  equations  (21),  (22),  or  (23)  us  the  case              ^^^H 
demands.      The  computations  are  given  below    in   detail.     No               ^^^^| 
further  explanation  seems  necessary,  exrept  j>crhaiJfl  for  the  case                ^^^| 
where  both  pressure  and  volume  change  but  the  index  of  the               ^^^H 

■  curve  13  not  known.     Then  none  of  the  equations  given  directly               ^^^H 

1         Take  the  case  of  the  diagram.  Fig.  5-4.     To  determine  the               ^^^H 

■  entropy  at  |»oint  a,  Rnd  entnipy  at  point  b,  using  equation  (21),                ^^^H 
W  and  Ihen  add  the  entropy  from  b  to  a  as  computetl  from  equation                ^^^H 

(22).     Similarly  for  the  point  c  on  the  exhaust  line.     Prolong               ^^^| 
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the  expansion  line  and  determine  the  entropy  at  d  by  equation 
(23)  (index  n  must  be  known).  Then  subtract  from  this  the 
entropy  change  due  to  the  drop  in  temperature  from  d  to  c,  ac- 
cording to  equation  (21). 


Fig.  5-4. 


The  following  are  the  computations  in  detail: 


Entropy 
at 
Temp, 
absolute 
12.3      739 


18.1 
23.0 


817 
867 


30.0      926  - 


assumed  * 

adiabatic  > 

adiabatic  - 

,^,1.351-1.390,       926 
.191 ^. loge-g^ 


43.5    1005  =  .191 


.351 
1.272-  1.390 


0 
0 
0 

—  .0014 


logr 


1005 


■:272"        ^'"'^'^^6 

60.0  1365  =  .196  log*  \m  -  -268  loge  H*i 

80.0  1816  =  .196  log*  Hi?  =  +  0559 

120.0  2740  =  .196  log*  HH  +  268  log*  HJ?  = 

140.0  3235  =  .196  loge  HH  +  -268  loge  Jf  iJ  = 

151.3  3615  =  .196  loge  HH  +  -268  loge  i\\i  = 

135.0  3560  -  .196  loge  iiH  +  -268  loge  Htt  = 


-.0066 
+  .0591 


Total  Entropy 

0 
0 
0 

-.0014 
-.0080 


116.0    3520  =  .196 


1.149-  1.370.       3520 
.149  ^^3560 


+  .0511 
+  .1070 
+  .0807  +.1877 

+  .1 140  (above  80  lbs.)  +  .22 10 
:  +  .1376  (above  80  lbs.)  +  .2446 
:  +  .1425  (above  80  lb8.)+  .2495 

+  .0029  +.2524 


87.6    3290  =  .196 


1.281  -  1.370 
.281 


loge 


68.2    3070 


,^^1.384-  1.370, 

'  '^^^ — :^4 —  ^^^ 


3290 
3520 
3070 
3290 


«  +  .0033 
—  .0005 


+  .2557 
+  .2552 
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54.8  2860  »  -106^'^^4^^'^^^^og^S^    =-.0019  +.2533 

49.7  2750 -.196ii??j=j^-:^ log. ||g    —.0007  +.2526 

47.0  2640  «  .196  ^"^^^^^^^^  log.  gi?-  .196  log.gi?  =  -  .0053,  +  .2463 

34.5  2010  -.196i^^^log.|?g-.1961og.^2»-.0566, +.1960 

20-5     1230  -  .196  ^'^^^'^^^  ^""^^^  '^^^  ^^^^fio  =  ~  '^^'  "^  '^^^ 

12.3      739  -  .196  log.  jlt*  ^ 0978  -  .0002 

Having  thus  worked  around  the  cycle,  the  error  seems  to  be 
very  slight  in  view  of  the  fact  that  the  exponent,  n,  for  the  pro- 
longed expansion  line  has  been  assumed  =  1 .433. 

Plotting  these  values  of  entropy  and  temperature  finally  re- 
sults in  the  diagram  shown  in  full  line  in  Fig.  5-3. 

Interpretation  of  the  Entropy  Diagram,  Fig.  5-3. 

In  order  to  evaluate  the  diagram  it  is  necessary  to  know  the 
number  of  heat  units  per  square  inch.  This  is  most  easily  ob- 
tained by  multiplying  one  inch  of  temperature  scale  by  one  inch 
of  entropy  scale,  and  then  multiplying  the  result  by  the  charge 
weight  per  cycle,  since  the  entropy  diagram  is  drawn  for  1  pound 
of  charge  weight.     In  this  case  we  have: 

Value  of  1  square  inch  in  B.  T.  U.  =  800  X  .04  X .  03477  =1.113. 

The  individual  areai?  of  the  original  diagram  were  next  gone 
over  with  a  planimeter,  and  after  multiplying  each  area  by  the 
square  inch  equivalent,  the  results  were  as  follows: 

%of 
B.  T.  U.  Total  Heat 

1.  Heat  received  during  explosion,  area  a  A  Bba 18.086  62.24 

2.  Heat  received  during  expansion,  area  b  BC Dd 1.002  3.44 

3.  Total  heat  received,  as  shown  by  diagram 19.088  '       65.68 

4.  Total  heat  supplied  as  calculated  (see  footnote) 29.316 

5.  Difference  in  heat  loss  to  Jacket  and  Radiation  —  area 

dDCBEFfd   10.228  34.89 

6.  Heat  loss  to  exhaust,  area  gGDdg 13.422  45.78 

7.  Heat  loss  during  compression,  area  a  AG  g  a 233  .79 

8.  Total  heat  lost  per  cycle 23.883  81.46 

9.  Indicated  work,  area  ABCDGA 5.431  18.54 

29.314        100  00 
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The  above  results  do  not  agree  with  those  of  Brooks  and 
Stewart  for  the  same  test.  Their  results  are  given  in  the  follow- 
ing table: 

Heat  in  indicated  work    17.0  per  cent. 

Heat  loss  in  hot  gases 15.5  per  cent. 

Heat  loss  in  water  jacket 52.0  per  cent. 

Heat  loss  in  radiation 15.5  per  cent. 

Total 100.0  per  cent. 

The  agreement  as  regards  indicated  work  Is  fair.  The  rest 
of  the  figures  of  Brooks  and  Stewart  are  abnormal,  in  that  the 
radiation  loss  is  as  large  as  the  exhaust  loss,  and  in  that  the 
jacket  water  loss  is  much  too  large.  Brooks  and  Stewart  them- 
selves admit  that  the  jacket  water  loss  was  not  accurately  deter- 
mined. For  that  reason,  too,  the  radiation  loss  cannot  be  found 
separately  in  the  entropy  analysis  above  given.  If  the  jacket 
w^ater  loss  had  been  accurately  found,  item  5  in  the  above  analysis 
could  have  been  separated  into  jacket  water  and  radiation  loss. 

Note.  —  This  quantity  is  greater  than  the  latent  heat  energy  in  the  gas 
=  29.06  B.  T.  U.  per  cycle,  by  the  heat  equivalent  of  the  area  A  X  ga  = 
.256  B.  T.  U. 

.  II.   Graphical  Construction  of  the  Entropy  Diagram 
The  graphical  method  to  be  described  is  due  to  Prof.  H.  T. 
Eddy,  and  is  by  him  explained  in  the  Transactions  of  the  Ameri- 
can Society  of  Mechanical  Engineers,  Vol.  21,  p.  275.     It  is  based 
upon  the  following  considerations: 

Equation  (6),  p.  110,  after  integration  may  be  written: 

Entropy  difference  <^  =  <^i  -  <^2=  Cv  log.  ^'  +  (Cp-  C„)  logX'      (24) 

i  2  r  2 

Dividing  equation  (24)  by  (Cp  —  C^)  we  have 

The  problem  then  resolves  itself  into  finding  graphical  represen- 
tation for  the  quantities 

^  log,  ^;  analog,^' 

The  const niction  divided  itself  into  two  main  parts: 

1.  The  change  of  the  pressure-volume  diagram  into  a  tempera- 
ture-volume diagram,  and 
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L  In  Fig.  5-5  the  actual  and  ideal  p-v  diagmms 
have  been  reproduced*  Choose  any  convenient  volume  ordinate^ 
in  this  case  V  =  .38  cu.  ft.  has  been  taken,  and  from  the  points  of 
intersection  of  the  various  pressure  levels  with  this  ordinate 
draw  straight  lines  through  the  origin.  These  straight  lines  are 
constant- pressure  lines  in  a  temperature- volume  field.  Thus  the 
line  A  B  in  this  case  is  the  60  pounds  constant-pressure  line.  Ta. 
see  the  reason  for  this  consider  the  general  equation 

pv_ 


=  /2 


This  may  be  written 


or 


V     R 


T  © 

But  -  is  the  tangent  of  any  given  angle,  B  A  C,  and  hence  ^ 

constant  for  any  point  along  A  B.    The  same  holds  for  an 
straight  line  druwn  through  any  other  pressure  leveh 

Next,  to  const ntct  the  temperature- volume  diagram ^  con- 
sider any  pres.*^ure  level  as  E  F  =  100  lb.  This  cuts  the  real 
diagram  in  the  points  a  and  fe.  At  a  and  6  erect  perjjendienlars 
until  they  intersect  the  constant -pressure  line  =  100  lb.  in  th< 
points  a*  and  b\  These  will  be  two  points  in  the  temperature- 
volume  tliagram.  In  the  same  manner  the  entire  diagram  may 
be  outlineti.  The  temperature  scale,  which  up  to  thb  point  has 
been  arbitrary,  may  next  be  determined.  We  know  that  G,  the; 
lowest  {xunt  on  the  temperature  diagram,  must  represent  Xh 
temperature  in  the  cycle  at  the  end  of  the  suction  stroke 
7Zd  degrees  Fahrenheit.  This  at  once  determines  the  tempera- 
ture scale. 

2.  To  obtain  the  graphical  representation  of  the  expression 


y 

a 

I 


V, 


log^  w*  choose  any  convenient  horizontal  line  as  the  zero 

this  case  the  line  -4  C  has  been  taken.  With  A  as  a  renter  ani 
any  radius  AX,  draw  the  arc  AT  to  cut  any  convenient  line, 
A  B,  passing  through  the  origin.  From  Y  draw  the  perjiendicu- 
laf  yX\  Again  with  ..t  as  a  center  and  AX'  as  radius,  draw  the 
ftir  X^y  '"  "* — — *  ""'^^  A  B,  and  draw*  the  perpendicular  Y* 
A*'.     ^  icnlar  lines    YX^  and   F,X"  cut  any 

m\  \%ut  of  equidistant  horizontal  rulings  will  be  found  twi 
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Ipoints  on  the  required  curve.     The  horizontal  rulings  chosen  in 

kUh  vme  are  marked  serially  on  the  ordinate  V  —  .22  cu*  ft. 

Thus  m  and  n  are  two  points  on  the  curve  MN  sought.     It  ia 

evident  that  the  intersections  of  perpendlcufars  FX'  and  Y'X** 

irith  any  other  two  successive  horizontal  rulings  might  have  been 

n  as  two  points  on  the  curve.     This  would  have  resulted 

,y  in  moving  the  curve  bodily  up  or  down  on  the  field,  the 

hape  would  have  been  exactly  the  same.     For  the  same  reason 

is  immaterial  whether  the  line  A  C  or  any  other  horizontal  line 

itsed  as  the  ijase  of  construction.     The  resulting  curve  is  in 

y  case  asymptotic  to  the  vertical  line  V  —  0.     Choosing  any 

iither  set  of   equidistant   horizontal  rulings,  nearer  togetlier  or 

further  a  part  t  has  the  effect  of  making  the  curve  rise  slower  or 

faster  as  the  case  may  be.     Ae  will  be  seen  later  by  inspection, 

Ihb  merely  changes  the  position  of  the  entropy  diagram  in  the 

Coordinate  field  but  doe^  not  affect  the  final  result. 

To  prove  that  the  ordinates  of  the  cur\'e  M  N  represent  the 

V 
-valuer  of  log  =^\  Profesi^or  Eddy  proceeds  as  follows: 

Let  the  volume  AX  =  r„  AX'  =  F,,  AX""  =  \\,  AX"  =  V^. 

It  can  be  shown  by  plane  geometry  that^  with  the  construction 

used,  y  y  y 

pi^  -  J*  =      "    ^  Z=  constant. 

J«r  zv,  =  r„ ZV,  =!  V, '.    ."'! zv,_=v. 

Hence 

Zn\^V,,ZH\^V,    ..............    .2%  =  y. 

Kow  let  ^  =  e^  in  which  e  ^  Naperian  base  =  2.7  H- ,  and  y  = 
distance  between  the  equidistant  horizontal  rulings  above  aa- 
lumed. 

Then 

-y^  Li  e2^=  Li  fi^=  L" 

1/  '  V      * V 

and  taking  the  logarithm  of  both  sides  of  the  last  term,  we  have 

V 

fi  ;/  =  I  he  ordinate  at   any  given  volume    V^  =  log^  ^.     It   is 

vident  that  V"^,  the  unit  of  comparbon,  may  l>e  arbitmrily  chosen. 

The  next  step  is  to  obtain  the  graphical  representation  of  the 

C  T  T 

expression  ^^ — ^  log^  ^,     Considering  the  part  log  ^i  by  itself, 


124 


INTERNAL  COMBUSTION  ENGINES 


it  is  evident  that  the  curve  repm^enting  this  may  be  constnicle 
in  the  same  inanner  as  curve  M  N.    But  the  coordinates  are 

this  case  the  hne  of  zero  temperatures,  A  f7,  and  any  Hrl>itrarily 
chosen  vertical  line,  in  this  case,  V  =  »74.  Tiie  cur%-e  mast  be 
asymptotic  to  A  C,  but  the  choice  of  the  other  line  of  reference 
m  II n restricted  as  it  merely  moves  the  curve  bodily  to  the  left  or 
right.  Jn  this  cane  equidistant  vciticaL  rulingit  having  llie  same  ^ 
common  distance  as  those  used  for  curve  M  N  have  been  em-i 
ployeti,  hence  curve  0  P  is  a  duplicate  of  M  N, 

The. ordinate^  of  this  c^urve  OP  must  next  be  multiplied  by^ 

the  factor         ^~ ,     Professor  lOddy,  in  order  to  make  the  conJ 

struct  ion  graphical  throughout,  assumes  that  the  value  of  thii 
factor  is  2,45  in  all  cases.  The  limits  of  accuracy  regarding  thii 
assumption  have  already  been  ixunted  out.  It  is  probably  nof^ 
sudicieiitly  accurate  fur  most  cas<^,  and  hence  a  i?cparate  compu- 
tation of  this  factor  is  necessary  for  every  given  case*  This  de- 
stroys a  great  deal  of  the  value  of  the  entire  methtRl,  but  enough 
is  left  to  make  the  method  much  ]css  laborious  than  the  matlie- 
u}at  ical  construction. 

In  the  case  under  di^cuKsion,  for  the  burned  gasc^, 


a= 


106,  and  C.=  .208;  hence  ,^  V/  = 


.196 


-2.72 


The  onlinates  of  the  curve  0  P  are  therefore  multiplied  by  2.72 
giving  the  curve  marked  R  S. 

By  the  aid  of  the  curves  M  N  and  R  S,  the  entropy  diagrur 
may  now  be  constructed  in  the  following  manner: 

Take  any  temperature  level  as  T  LK  Ttus  cuts  the  tenifiera- 
turc-%*ohtme  diagram  ^^f  the  real  cycle  in  the  points  c  and  4,  and 
the  curve  R  S  in  e.  With  a  pair  of  dividers  determine  the  ordi- 
nate ^  A  of  the  curve  M  A^  flog^  '  J,  corresponding  to  the  volume 
of  jioint  f,  and  since  this  ordinate  is  positive,  add  it  to  the  ordi- 
nate  /  e  f   ,  J      log^     M  of  the  curve  R  S.    This  gives  the  point 

«*  lis  one  |MUiit  of  the  entropy-temperature  diagram.  In  tlie 
same  numucr,  ff>r  the  second  [loint  of  intersection,  rf,  of  the  tern* 
in^mtum  level  7'  t^  determine  the  onlinate  g'  h\  corresponding 
to  its  volume,  ami  add  it  to  tlie  ordinate  fe  of  the  curve  R  S.   This 
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iB  a  second  paint  on  the  entropy  fliap;rnm.     By  taking  a 
num}>er  of  tcnipemture  levels,  the  entire  diagram  niiiy 
be  elosely  outlined ,  as  shown  by  the  full  line. 

The  same  thin^  has  lieen  done  for  tlie  i<lral  temperature* 
volume  diagram^  giving  the  ideal  entropy  diagram  indicated  in 
broken  line. 

The  last  step  in  the  coast  met  ion  u?  the  determination  of  the 
entropy  srale,  if  this  m  desired.  Determine  by  planimeter  the 
area  under  the  combustion  line  of  the  ideal  diagram  down  to 
the  line  7*  =  0.  In  the  nriginal  diagram  this  was  found  to  be 
28.32  square  inches.     Since  the  heat  applied  the  cycle  wix^  29.06 

29.06 


B.  T.  U.>  the  thermal  value  of  each  square  inch  of  area  = 


28.32 


1.020  B.  T-  V,     Each  inch  of  ordinate  was  equal  to  614  decrees, 

hence  tlie  entropy  scale  per  inch  is  -^7-^  "^  .00167  for  the  charge 

914 

weight  of  .03477  pounds.     This  is  oquivalent  to  an  entropy  8cale 
of  .048  per  inch  for  one  pound  of  charge  weight. 

The  foH owing  table  nhows  how  closely  tlie  entropy  diugrums 
ol^tained  by  the  two  methods  outlined  a^ree: 

Math.  Methotl   ■  Graph,  Method 

Max.  Entropy  of  Tdeul  Cycle 3166  -3158 

Max,  Entropy  of  He^d  Cycle.  . . , ,  .2557  *2572 

The  agreement  may  be  pronounced  quite  satisfactory.  It  is 
quite  likely,  however,  that  the  lower  part,  of  the  graphical  entropy 
diagram  will  show  discrepancies.  These  are  in  great  part  due  to 
the  fact  that  towanl  the  hnvcr  end  of  the  curve  R  S,  the  inter- 
i»eetiong  with  the  horiy.ontal  tcm|jemture  levels  become  less  defi- 
nite, imimiring  the  accuracy.  Another  source  of  error  may  lie 
in  the  fact  that  the  compression  line  has  been  const ructe<l  from 
the  curve  RS,  which  was  itself  constructed  from  burned  gas 
(lata,  while  evidently  the  data  of  the  fresh  chaise  should  have 
been  used. 
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COMBUSTION 

I.  The  Perfect  Gases.  —  The  perfect  gases  are  those  which 
follow  the  general  law: 


pv 


=/2 


(1) 


where 

p  =  pressure  expressed  in  pounds  per  square  foot. 

V  =  volume  in  cubic  feet. 

T  =  absolute  temperature. 

R  is  the  amount  of  work  done  by  1  pound  of  gas  when  heated 
1  degree  Fahrenheit,  the  pressure  remaining  constant  at  p 
pounds  per  square  foot.  R  is  thus  a  constant  for  any.  one  gas, 
but  differs  for  different  gases. 

The  data  for  the  gases  of  most  use  in  gas-engine  practice  are 
those  of  atomic  and  molecular  weight,  density  and  weight  per 
cubic  foot.  The  following  table  gives  these  figures  for  some  of 
the  more  important  gases: 


Gas 


Atomic 
Weight 

Molecular 
Formula 

Molecular 
Weight 

Density 
Air-1 

1 

Hj 

2 

.0692 

16 

0, 

32 

1.106 

14 

N'l 

28 

.971 

14 

CO 

28 

.967 

14.6 

cc.. 

44 

1.529 

— 

29* 

1.00 

6 

HjO 

18 

.623 

6.5 

C^H, 

26 

.915 

3.2 

CH< 

16 

.554 

4.7 

C,H, 

28 

.974 

5.75 

C,H, 

78 

2.695 

6.50 

C,H,0 

46 

1.601 

Weight  per 
cu.  ft.  at 

29.92"  Hg 
and  32»F 


Hydrogen 

Oxygen 

Nitrogen 

Carbon  Monoxide 
Carlx)n  Dioxide  . 

Dry  air   

Water  vapor    . . . 

Acetylene 

Methane   

Ethylene 

Benzol 

Alcohol 


.00559 
.08921 
.07831 
.07807 
.1.267 
.08072 
.05020 
.07251 
.04464 
.07809 
.21758 
.12958 


♦Only  apparent  value. 


The  weight  of  a  cubic  foot  of  any  of  the  above  gases  under 
standard  conditions  may  be  found  with  sufficient  accuracy  by 
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rliii'lding  the  molecular  weight  of  the  gas  by  the  constant  359.* 

The  weight  of  a  cubic  foot  of  CO^  under  standard  conditions^  for' 

44 
lastanee,  is  — ^  —  0.1225  pounds^  as  computed  by  slide  rule. 

This  is  suflBciently  accurate  for  all  practical  purposes. 

■  To  find  the  weight  of  a  cubic  foot  of  gas  under  other  than 
^^^ndard  conditions,  the  formula 

I  may  be  employed  for  a  change  of  either  pressure  and  tempera- 
I  lure  separately  or  a  simultaneous  change  of  both.  The  weight  of 
I  a  cubic  foot  is  inversely  proportional  to  the  %*olume. 

■  2-  Combining  Weights  and  Volumes,  Combustion^  Heating 
Value,  Air  Required. 

■  Combining  Weights  and  Yolumi^s,  ^  All  elements,  when 

■  they  do  combinej  unite  only  in  certain  fixed  proportions,  although 
there  may  be  several  proportions  for  any  given  pair  of  elements. 
Thus  carbon  forms  two  combinations  with  oxygen,  CO  and  CO^, 

The  gases  also  combine  in  definite  volume  proportions.  The 
resultiQg  volume  is  either  the  sum  of  the  original  volumes  or  is 
in  a  definite  ratio  leas  than  thus  sum.  It  is  necessary  to  remember 
merely  that  anything  that  can  be  said  of  molecules  according  to 
Avogadro's  Law,  applies  with  equal  force  to  combining  volumes. 

Thus  take  the  combination  of  C  and  O  to  CO,  Always  re- 
membering to  use  the  combining  weights  of  the  various  elements 
we  can  write  C,  +  O,  =  2CO 


that  is 

1  vol.  C  +  1  vol.  0  =  2  vols.  CO 

Similarly  p 

2  H  j  +  0,  =  2  H^O, 

that  IS; 

2  vols.  H  +  1  voL  0  =  2  vols.  HjO 

ami  again 

Cj  +  4  Hj  =  2  CH, 

^^  1  vol,  C  +  4  vols.  H  =  2  vols.  CH,, 

The  elements  mostly  concerned  in  combustion  phenomena 
are  carbon  and  hydrogen »  together  with  the  compounds  carbon 
monoxide  and  the  various  hydro-carbons.     The  following  table 

♦  Derived,  in  connection  with  Avogodro's  Law /from  the  fact  that  the 
fr»mme« volume  of  perfect  g^ms  b  equal  to  22,33  cubic  meters  under 
ud»rd  eoQditioud. 
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shows  the  combustion  formula,  also  oxygen  and  air  required,  for 
the  first  three  of  these  combustibles: 
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If  the  combustible  be  a  fiyciroeurljon,  the  combustion  of  the 
cart>on  and  the  hydrogen  in  lis  composition  can  be  treated  sepa- 
rately and  the  results  combineiL  Thus  1  \h,  of  CHi  may  be  con- 
sidered to  consist  of  J  lb.  of  C  and  \  lli.  of  H. 

Heating  Value.  —  Every  chemiciil  nhange  b  accompanied 
by  a  thermal  change^  either  positive  or  negative,  Le.^  eitlier  heat 
is  jjiven  out  or  it  is  ai.ii?orl>cd  tiuring  the  change.  In  the  case 
of  the  comliustibles,  the  union  with  oxygen  is  accompanied  l>y  a 
very  deeide<l  development  of  heat.  The  heat  given  off  when  one 
pniind  of  any  combustible  is  completely  luirned  18  known  as  its 
hMiiin4j  value f  or  calorific  ptniycr.  It  is  to  he  nf)ted  that  the  heat- 
ing value  of  any  coml»ust  ible  is  constant,  whether  the  combustible 


L«* 


Fia,  6-1 ,  —  Miihkr  Bomb  C4ilorimeter. 

I  burned  in  oxygen,  theoretical  amount  of  air,  or  an  excess  of 
air.  The  resulting  temperature,  the  ralorific  iTilmnUif  so  called, 
m,  however,  different  for  each  of  these  cases,  as  will  be  explained 
later. 

The  heating  vaUies  of  tlie  simple  eomlnistiljles  like  hydrogen 
and  carbon  can  only  be  determined  by  means  of  the  calorimeter; 
that  of  a  complex  fuel,  like  hydrocarbons^  the  various  coals, 
etc.,  can  lie  found  either  by  the  caU^rimeter  or  it  may  be  com- 
puted with  fair  acmraey  from  its  chemical  composition. 

For  solid  and  liquid  fuels  the  cahirimeters  used  are  mostly 
of  the  t>"pe  of  the  Mahler  lMimb,  or  the  Carpenter  calorimeter; 
for  gai^eous  fuels  Junker's  gas  culori meter  holds  the  tirst  place. 
The  principle  of  any  of  these  calorimeters  is  to  transmit  the  heat 
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evolved  by  burning  the  fuel  in  oxygen  or  air  to  water,  and  &0B 
tbe  temperature  rise  of  the  water  to  compute  the  heating  value. 
The  Mahler  Bomb  Calorimeter,  Fig.  6-1,  is  a  strong  steel  or 
bronze  vessel  into  which  the  finely  powdered  fuel  is  introduced, 
held  in  a  small  vxip  or  crucible*  Through  the  cover  of  this  vessel 
or  bomb  two  wires  pass  which  at  their  lower  ends  are  cross-con- 
nected by  a  fine  iron  wire  which  in  turn  dips  into  the  powdered 
fuel.  The  bomb  is  charged  with  oxygen  to  a  pressure  of  about 
150  pounds.  The  oxygen  can  now  be  obtained  comraercially 
prepared  in  steel  tubes,  under  pressure*  The  charged  b<jn)b 
is  then  placed  in  a  vessel  containing  a  known  quantity  of 
water;  the  two  wires  above  mentioned  are  connected  to  a  source 


Fio.  0-2.  —  Carpenter  Coal  Culoriroeter. 

of  electrical  energy,  Pp  which  fuses  the  iron  wire  comiecting  their 
ends  and  fires  the  fuel.  The  water  is  kept  thoroughly  stirred 
by  means  of  the  apparatus  L  K  Sf  and  the  temperature  rise  is 
carefully  determined.  The  whole  apparatus  is  carefully  pro- 
tected ai^iilust  rncliation  by  an  outer  vessel*  A.  From  the  ob- 
served tcnij>erature  rise,  the  weight  of  wat«r,  and  such  corrections 
as  are  necessary  for  radiation,  heat  of  fusion  of  wire,  etc.,  the 
heating  value  of  the  sample  is  easily  computed.  The  drawbacks 
of  the  inslruinent  are  the  labor  of  charging,  and  the  fact  that  if 
the  wire  faib  to  ignite  the  coal  all  labor  of  weighing  and  chaining 
in  lo«t.  The  ji*iiit  ?it  the  toj^  which  must  be  tight  against  con- 
liderable  pi'i^wtiure,  i»ften  also  gives  trouble.  The  Mahler  is 
tiniiiutuhU  »^|  both  «olid  and  liquid  fuels. 
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The  Carpenter  calorimeter,  Fig,  6-2,  is  of  a  different  type. 
The  fuel  is  powdered  and  held  in  the  cup,  22^  just  as  in  the  Mahler, 
The  coal,  however,  is  fired  by  the  heat  of  a  platiunm  wine,  15, 
which  does  not  (urn,  and  is  extinguished  on  the  ini^itant  the  coal 
fires.  No  correction  is  therefore  necessary  for  the  beat  of  the 
wire*  The  combustion  chamber,  33,  is  kept  charged  with  a 
steady  stream  of  oxygen  under  a  preiisfiure  not  exceeding  one-half 
pound.  The  hot  gases  of  combustion  pass  up  and  down  the 
spiral  tube,  28,  and  finally  escape  at  41,  pratTtically  at  the  teni- 


FiG.  6--3,  —  Junker's  Gas  C^lonmeter. 

perature  of  the  surrounding  air,  the  nozzle  at  41  regulating  the 
outflow  velocity  to  produce  this  result.  The  calorimeter  ia 
eompletely  filled  to  some  height  on  the  glass  tube,  10,  with 
Kerosene  oil  so  that  the  gases  in  their  passage  heat  the  fluid ,  ex- 
panding it  up  the  tube  10,  The  amount  of  expansion  gives  a 
relative  measure  of  the  heating  value  of  the  fueL  It  is  only  neces- 
sary  to  calibrate  the  instrument,  t\e.,  to  obtain  the  amount  of 
heat  required  to  expand  the  fluid  up  the  tube  say  I  inch.  This 
13  quickly  and  accurately  done  by   using  carbon   obtained  by 
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burnfng  and  coking  sugar.  The  calorimeter  is  subject  to  onel 
correction  only^  that  for  radiation.  It  is  encased  in  a  bright 
nickel  case  to  reduce  radiation  as  far  as  possible,  but  this  can 
not  be  entirely  done  away  with.  The  correct  ion  is  made  by 
determining  the  distance  the  water  level  in  the  tube  will  fall,  after 
the  fuel  sample  is  burned  out,  for  the  same  lengtli  of  time  that 
the  fuel  l>umcKl.  Care  muat  be  taken  to  have  the  temperature 
of  the  calorimeter  slightly  above  the  temperature  of  the  room  to 
start  with»  anti  if  the  temperature  of  the  room  has  not.  changed 
during  the  time  of  burning  and  that  of  the  determination  for 
radiation »  the  fall  in  the  water  level  is  a  true  measure  of  the  heat 
loss  due  to  radiation. 

For  gas  fuels,  Junker's  calorimeter»Fig.  6-3,  is  usually  preferred  J 
The  gas  to  be  testefl  is  led  first  through  the  gas  meter  where  ital 
valunic  and  temperature  are  determined,  and  second  through  the 
regulator  </,  which  maintains  any  desired  gas  pressure  during  the 
determination.     It  is  burned  in  air,  with  a  burner  of  the  Bunsen 
type.    The  heat  evolved  is  transmitted  to  water,  entering  through  . 
the  vessel  b,  and    discharged    through    ilie   vessel  r,  the  gases' 
escaping  at  or  near  the  room  temperature  at  K.    The  vessel  h 
maintains  a  constant  head  of  water  on  the  calorimeter.    The 
amount  of  water  flowing  is  regulated  at  e.    The  water  is  measured 
in  the  graduate  h.    The  water  of  condensation  formed  during  the 
eombustion  is  caught  and  measured  at  rf.    Temperatures  of  cold 
and  hot  water  arc  niciisured  at  t  and  t  respectively.    The  appa-_ 
mtus  is  very  simple,  easily  set  up  In  any  desired  place,  and  the 
results  obtained  by  its  use  an?  ctmsistent  and  reliable,     It^  opera-  ' 
\m\  may  l>e  made  continuous  by  furnishing  suitable  means  for^ 
mei^urtng  the  water  flowing. 

The  heating  \alne  of  carlion  when  burned  to  COj  is  no^ 
definitely  determinetl  as  14647  IV  T,  l\  per  pound  (80S0  calorie^l 
Iier  kilo),  that  of  carl^on  to  VO  at  4429  B,  T.  IL  In  actual  pmc- 
tieo  the  figUTf^s  1450(1  B.T,  W  for  V  to  CX>,,  and  4500  B.T.  II 
for  V  lo  CX>  art^  eiisier  to  remernlx^r  and  accurate  enough  for  moel 
p^ir|iosr«i.  The  combust  ion  of  C  to  CO  is  usually  known  ns  the 
ine*       '  '      lion  of  carlion.    The  heating  value  of  the] 

«Hv  n  (X\  tias  l)wi  found  to  be  43S0  B.  T,  U. 

i\  ghT«  for  lite  higher  heating  value  62100  B.  T.  U. 
.  in€  Uwmr  vmltie  &S3S0  B.  T,  U.      H3^irtifefi  may  barn'' 
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either  to  wiiter  vapor,  or,  if  condensation  occumt  to  water.  In  the 
foniier  citm  the  heat  necet3>fc>ury  to  niaintain  the  water  aa  vajKir 
is  lost  I  and  hence  we  obtain  the  lower  heating  value  52230 
H.  T.  l\,  the  tetn|jerature  being  212  degrees  Fahrenheit  before 
and  after  eoiiibustion.  If  ctmtlensation  occuii^,  tlie  !ieat  in  the 
water  vapor  is  recovered  and  tiie  higher  value  62100  B.  T,  U, 

In  gas-e.nginc  practice  the  water  re^julting  from  the  combus- 
tion of  hydrogen  almost  always  escapes  as  water  vapor,  and  hence 
it  is  u.sual  to  employ  I  he  Ioukt  heating  value  in  eomputation.s. 

P'or  the  same  reu?ion  we  distinguish  a  lower  and  higher  iieating 
value  in  all  complex  fuels  containing  hydrogen  to  any  consider- 
able extent,  and  always  use  the  lomr  value  in  L'unij>u- 
1  at  tons. 

If  no  direct  determination  of  the  heating  value  of  a  complex 
fuel  can  be  made  by  means  of  a  calorimeter,  the  heating  value 
can  in  most  cases  he  found  with  fair  accuracy  by  computatioUj 
provided  the  chemical  analysis  of  the  fuel  is  known. 

hi  the  case  of  hydrocarbons  the  statement  of  its  chemical 
formula  gives  at  the  same  time  the  weight  proportions  uf  its 
chemical  composition.  The  computation  of  the  heating  values 
of  the  hydroearbtm  groups  C^H^  and  C„Hi„  niuy  be  baseil  upon 
the  folUnving  Ciinsideratioiis: 

C^H^  coDtains  n  atoms  of  C  and  n  atoms  of  H.  Hence  the 
gram-moleeule  weighs  12?i  +  n  =  13?i  grams.  Now  1  gram  of  C 
develi*|js  32.21)  B.  1\  U.,  and  1  gram  of  B  115.15  il  T.  U,  lower 
heating  value.    The  heating  value  of  C„H„  is  therefore 


(12X32.29)11  +  (I  X  115.15)  n 


=  38.67  B,  T,  U.  per  gram 


(12  4-  \)n 
This  reduces  to: 

Lniwcr  heating  value  of  C^ll^  =  17540  B.  T.  U.  per  lb. 

C^Hj^  contains  n  atoms  of  C  and  2n  atonLi  of  H,  one  gram- 
molecule  therefore  weigl^s  14n  grams*  The  lower  heating  value 
of  this  family  of  hydrt»carlji>ns  is  therefore  generally 

(12  X  32.29)  H+{1X  115.15)  2>l  _  ,,  .^  j.   r^    t.    n^r  i.mm 

=  20016B,T,  U.  perlb. 
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It  should  be  remembered,  however,  that  these  formulae  give 
approximate  results  only. 

Slaby,  quoted  by  Giildner,*  in  his  Calorimetric  Investigations, 
gives  a  formula  based  upon  experience  for  heavy  hydrocarbons, 
according  to  which: 

Lower  heating  value  =  1000  +  10500  y  calories  per  cubic 
meter,  where  y  =  weight  of  a  cubic  meter  of  the  gas  in  K  g  s. 

In  English  units  this  formula  would  be: 

Lower  heating   value  = 

[112 -h  18880  y]   B.  T.  U.   per  cubic  foot,  (3) 

the  cubic  foot  being  under  standard  conditions,  29.92  inches  Hg 
barometer  and  32  degrees  Fahrenheit,  and  y  =  weight  of  a  cubic 
foot. 

The  following  table  of  heating  value  of  hydrocarbons  is  taken 
from  Giildner,  the  figures  being  transposed  to  English  units. 
The  last  two  columns  show  for  purposes  of  comparison  the  values 
as  computed  by  Slaby's  formula  and  the  approximate  formulae 
first  given: 

Heating  Values  of  Hydrocarbons 


Weight  of  ! 

cu.  ft. 

in  lbs. 
Stamlard 


1 

CH, 

.04464 

C,H, 

.07251 

C,H, 

.07809 

C,H, 

.08329 

C,H, 

.11157 

C,H, 

11699 

C,H» 

12256 

C4H,.. 

15599 

Density 
air=  1 


.554 
.915 
.974 
1.0367 
1.3819 
1.4512 
1.5204 
1.9349 


Higher 
Heating 
Value 
per  lb. 
B.  T.  U. 


Lower  Heating 
Value 


per  lb.     percuft 
B.  T.  U.  B.  T.  U. 


Lower 
Heating 
Value  per 

cu.  ft 
SlabyV 
formula 

B.  T.  U. 


Lower 

Heating  Value 

Approximate 

Formula 

per  cu.  ft. 

B.  T.  U. 


23842 
21429 
21429 
22399 
20992 
21224 
21825 
20912 


y 

21385 

952 

952 

20673 

1499 

1479 

20025 

1564 

1584 

20434 

1700 

1682 

20009 

2232 

2238 

19820 

2317 

2318 

20039 

2455 

2424 

19508 

3032 

3055 

1272 
1562 


2341 
3120 


In  the  case  of  the  liquid  hydrocarbons,  the  crude  oils  and 
their  distillates,  it  is  usual  to  compute  their  heating  value  directly 
from  the  chemical  composition.     Thus  the  lower  heating  value 

*  Guldner,  Entwerfen  und  Berechnen  der  VerbrennungsinotorDn,2d  ed.. 
p.  581. 
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a  Pennsylvania  crude  oil  containing  C  84,9  per  cent^  H  13.7 
per  centj  O  L04  per  cent,  would  be 


=  14500  C  +  52230 


=  [14500  X  .849]  -hf  52230^137-'^)] 


(4) 


7102 


I  -12310  + 

^^      =19412  6.  T.  U. 

^^We  determination  of  the  heating  value  of  this  oil  by  meana  of 
the  calorimeter  gave  19210  B.  T.  U,,  a  difference  of  L05  per  cent 
between  this  and  the  computed  value. 

I  In  many  instances,  however,  the  agreement  is  not  as  close, 
and  it  should  therefore  be  made  a  general  rule  to  obtain  actual 
calorimeter  determinations  whenever  possiblei  and  to  resort  to 
computation  only  w4icn  unavoidable. 

Solid  fuels,  as  coal^  coke,  wood,  etc.,  may  be  treated  in  a 

■  simitar  manner.  For  hard  coals  the  computation  gives  results 
which  agree  fairly  closely  with  calorimeter  determinations.  As 
the  amount  of  volatile  matter  in  the  coal  inc revises,  i.e.,  as  the 

■  hydfoearbons  uicrea.se,  there  is  less  certainty  of  fair  agreement, 
although  the  computetl  result  is  usually  within  5  per  cent  of  the 
true  value.  The  general  formula  for  a  solid  fuel  may  be  stated 
aa  follows; 

Heating  value  = 

114500  C  +  52230  F  H  -  ^1  +  4000  S  -  1000  H,0  (5) 

whe 


where 


C  =  percentage  of  fixed  and  volatile  carbon* 
H  —  percentage  of  hydrogen, 

0  =  percentage  of  oxygen. 
8    —  percentage  of  sulphur, 
H,0  =  percentage  of  water  in  coal  as  received ,  C,  H  and  S 
dng  determined  on  the  dry  fuel»  and  then  recomputed  to  the 
m  of  fuel  as  received. 

The  following  table  shows  the  analyses  of  two  coals  and  the 
heating  values  as  found  by  calorimeter  and  by  above  formula. 
13*Jth  analvsisa  are  taken  from  Poole's  ^'The  Calorific  Power  of 
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Name 

Kind 

C 

n 

O 

N 

S 

HaO 

Ash 

Heating  Value 
a»  received 

By  Cal.  |Computed 

Treverton.. 
Carnegie . . . 

Anthracite 
Bituminous 

90.661.73    .78'   .001 
77.20  5.10  7.22  1.68 

1.42 

.84  6.83'  14029 
1.45  5.93-  13842 

13988 
13367 

It  will  be  noted  that  the  agreement  in  the  results  for 
the  hard  coal  is  good,  in  the  case  of  the  soft  coal  the 
computed  result  is  3.5  per  cent  smaller  than  that  determined 
by  calorimeter. 

Attempts  have  been  made  from  time  to  time  to  adapt  formulae 
to  the  approximate  analyses  of  coal,  i.e.,  those  in  which  only 
fixed  carbon,  volatile  matter,  water  and  ash  are  determined.  AH 
these  attempts  have  not  given  satisfactory  results  owing  to  the 
varied  composition  of  the  volatile  matter  in  various  coals. 

Air  Required  for  Combustion  and  the  Products  of  Com- 
bustion. —  As  already  pointed  out,  the  combustion  of  1  lb.  of 

2  V  ifi 
C  to  COj  requires     ^^      =  2.66  lb.  0,  and  that  of  1  lb.  of  H  to 


HjO    requires 


12 
.5X  16 


1.0 


=  8  lb.  0.     Since    air    contains    in    each 


pound  only  .23  lb.  of  oxygen,  the  air  required  for  the  two  cases 

2  66  8 

will  be-^  =  11.57  lb.  and  —   =  34.781b.  respectively. 

The  products  of  combustion  are,  in  the  case  of  carbon,  3.66 
pounds  of  CO2  and,  in  the  case  of  hydrogen,  9  pounds  of 
HjO,  if  the  theoretical  amount  of  oxygen  has  been  used  in 
each  case. 

With  the  aid  of  these  fundamental  figures,  the  air  required 
and  the  resulting  products  of  combustion  may  be  computed  for 
any  given  fuel,  solid,  liquid  or  gaseous,  if  the  composition  of  the 
fuel  is  known. 

In  general,  any  fuel  which  contains  per  pound  say  C  lb.  car- 
bon, H  lb.  hydrogen  and  O  lb.  oxygen,  requires 

2.66  C  -f  8  H  -  O 


.23 


pounds  of  air  for  its  complete  combustion. 


In  gas-engine  practice,  however,  the  case  of  gas  fuels  is  of 
much  more  importance,  and  for  this  we  can  derive  the  following 
general  formula^: 
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(a)  For  One  Pound  of  Gas.  —  Let  the  gas  consist  of 
N^  lb.  CO  +  Nj  lb.  H  -f  N3  lb.  CH,  +  N,  lb.  C,  H,  -f  N^  lb.  C^H, 
+  N,  lb.  0  +  N,  lb.  N  +  N,  lb.  CO,  +  N,  lb.  H,0  =  1 
pound. 
Air  theoretically  required  per  pound  of  gas 

_  .57  N,  +  8  N,  +  3.09  N,  +3.43  N.  +3.07  N.  -  N.  j^ 

m 

Products  of  combustion  per  pound  of  gas 

CO3  =  [1.57  Nj  -f  2.74  Ns  -f  3.14  N^  +  3.38  N^  +  N,]  pounds    (7) 

and 

H^O  =  [9  Nj  +  2.25  N3  +  1.29  N,  -f  .69  N^  +  N,]  pounds        (8) 

Besides  the  above  amounts  of  CO,  and  HjO,  the  products  of  com- 
bustion will  also  contain  any  excess  oxygen  that  may  have  been 
used  together  with  the  nitrogen  brought  in  by  the  oxygen. 

If  the  analysis  of  the  exhaust  gas  shows  free  oxygen,  the  excess 
coefficient  for  the  air  used,  provided  the  fuel  gas  itself  carries 
no  nitrogen,  may  be  computed  from  the  formula 

U  = ^— 

N  -  3.76  0 

where  N  =  per  cent  of  nitrogen,  O  =  per  cent  of  free  oxygen 
in  the  exhaust  gas,  by  volume  and  3.76  is  the  volume  ratio  of 
N  to  O  in  air.  This  formula,  together  with  the  two  given  above 
for  CO2  and  HjO,  allow  of  a  complete  determipation  of  the  pro- 
ducts of  combustion. 

In  case  the  fuel  gas  itself  carries  N,  the  determination  of 
the  exess  coefficient  for  the  air  used  is  not  so  simple  and  should 
be  made  according  to  the  method  outlined  on  p.  144. 

(6)  For  One  Cubic  Foot  of  Gas.  —  Assume  that  the  gas 
has  the  following  analysis: 

Nj  per  cent  by  volume  of  CO 
Nj  per  cent  by  volume  of  Hj 
N,  per  cent  by  volume  of  CH4 
N4  per  cent  by  volume  of  CjH^ 
N5  per  cent  by  volume  of  CjHj 
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N,  per  cent  by  volume  of  Oj 
Ny  per  cent  by  volume  of  N, 
Ng  per  cent  by  volume  of  CO, 
Ng  per  cent  by  volume  of  HjO 

Air  required  per  cubic  foot,  theoretically, 


N,  +  N3 


+  2  N,  +  3  N,  +  2.5  N»  -  Ne 

cubic  feet  (9) 


.21 

Products  of  combustion  per  cubic  foot  of  gas 

CO2  =  [Ni  +  N,  +  2N,  +  2N5  +  NJ  cubic  feet  (10) 

HjO  =  [Nj  +  2N,  +  2N,  +  N5  +  NJ  cubic  feet  (11) 

Besides  these  amounts  of  CO2  and  HjO  there  will  in  most 
cases  be  additional  amounts  of  free  oxygen  and  of  nitrogen.  The 
volumes  of  these  can  be  determined  from  the  exhaust  gas  analysis 
as  before. 

The  table,  page  139,  gives  the  main  constants  for  the  principal 
gases  met  in  gas  engine  practice. 

The  constant,  R,  can  be  computed  from 

-^=(C,-C.)=^ 


where, 
and 


J=  the  mechanical  equivalent  of  heat  =  778 
m  =  molecular  weight  of  the  gas. 


Samplk  Computation.  —  Given  the  following  chemical  analy- 
sis of  a  producer  gas,  p.  140,  to  determine  its  heating  value,  its 

molecular  weight  w,  C.  and  C,.,  R  and-^-.     Also  these  quantities 

for  various  mixtures  of  this  gas  with  air,  and  the  amount  of  and 
the  constants  for  the  burned  gases  after  combustion  of  these  fuel 
mixtures. 
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According  to  equation  (9),  the  theoretical  amount  of  air  re- 
quired by  this  gas  per  cubic  foot 

.2507 +.1873  ^  ^2  X  .0031)  +  (3  X  .0031)  -  .0003 


.21 


.2342 
.21 


=  1.12  cubic  feet. 


The  following  table  gives  in  the  first  column  the  constants  for 
the  theoretical  air-gas  mixture.  The  second  and  third  columns 
assume  that  an  excess  of  air  is  used,  in  the  first  case  equal  to 
1.5-1. 12  =  .38  cubic  feet,  in  the  last  case  equal  to  2.0-1. 12  =  .88 
cubic  feet: 

Constants  for  Various  Mixtures  of  above  Dowson  Gas 
WITH  Air 


Ratio  air  to  gas: 

By  volume,  V    — 

By  weight,   W   - 

Weight  of  sUndard  cu  ft.  of  0673+,08072  V 
mixture,  lbs.  « 

Heating  value  of  standard  cu.  ft.  of  mixture, 

»T"-rA' 

64  4-  53.7  W 

^"     rr+ 1 

.2HH7  4-  .238  W 
■2064  4-. 109  TT 


1.12 

1.5 

1.35 

1.79 

.0744 

.0753 

69.4 

58.8 

58.2 

57.6 

.2595 

.2560 

.1849 

.1824 

1.403 

1.404 

2 
2.39 

.0772 


49.0 
56.9 
.2529 

.1800 

1.405 


The  next  table  gives  the  corresponding  constants  for  the 
burned  gases  resulting  from  the  combustion  of  the  fuel  mixtures 
assumed  above. 

The  changes  occurring  during  combustion  cause  a  change  in 

the  values  of  K,  C^,  C^.,   rp  etc.     For  the  theoretical  case,  i.e., 

with  1.12  cubic  feet  of  air  to  1  cubic  foot  of  gas,  the  products  of 
combustion  will  be  according  to  equations  (10)  and  (II). 
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COj  =  (.2507  +  .0031  +  .0062  +  .0657)  =  .3257  cubic  feet. 
HjO  =  (.1873  +  .0062  +  .0062)  =  .1997  cubic  feet. 
Since  1.12  cubic  feet  of  air  were  used,  there  must  also  neces- 
sarily be  nitrogen  to  the  volume  of 

[(1.12  X  .79)  -f  .4898]  =  1.3746  cubic  feet, 

.4898  cubic  feet  being  due  to  the  nitrogen  in  the  fuel  gas 
itself. 

The  volumes  of  the  exhaust  gases  in  the  second  column  of  the 
table  are  found  as  follows.  The  volumes  of  COj  and  of  HjO 
are  of  course  the  same  as  before,  since  1  cubic  foot  of  gas  is 
burned  in  every  case.  But  since  only  1.12  cubic  feet  of  air  are 
required  and  1.5  cubic  feet  have  been  used,  the  excess  air  is 
1.5  ~  1.12  =  .38  cubic  feet.  This  consists  of  .38  X  .79  =  .3002 
cubic  feet  of  N  and  .0798  of  O.  Hence  the  excess  O  appearing 
will  be  .0798  cubic  feet,  while  the  N  now  is  1.3746  +  .3002 
=  1.6748  cubic  feet. 


Constants  for  the  Burned  Gases 


Ratio  air  to  gas  by  vol 1 .  12        1.5 

Vol.  of  exhaust  gases,  cu.  ft.*  CO2 .3257i     .3257 

HA) .1997 

O   .0000 

N  1.3746 
Vol.  of  exhaust  gases  to  1  cu.  ft.  of  Dowson  gas, 

t*".  ft Vj  1.9000'  2.2800 

Vol.  of  mixture  lM?fore  | 

C'omluistion V,  2. 12 

Hatio Vj      .896 

^[^  tH^itraction  !l0.4 

V, 


.1997 

.0798 

1.6748 


2.50 
.912 


Rr-R 


V^ 


52.1 


55/       ^     per  pound 


.2478 
.1809 


8.8 
52.5 


.2462 
.1787 


1.369     1.379 


2.0 
.3257 
.1997 
.1848 

2.0698 

2.7800 

3.00 
.926 

7.4 
52.7 

.2446 

.1769 

1.383 
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The  values  of  Cp  and  C^  in  the  foregoing  table  are  found  as 
follows.     Consider  the  mixture  with  ratio  =  1.5: 


Burned  Gas 

By  Volume 

By  Weight 

CO, 

H,0 

0 

N 

.3257 

.1997 

.0798 
1.6748 
2.2800  cu.  ft. 

.0399 
.0100 
.0071 
.1311 
.  1881  pounds 

For  COj 
H,0 
O 

N 


Cp- 


0399  X  .20    =  .0080 

C,  =  .0100  X  .48    =  .0048 

0071  X  .217  =  0015 

1311  X  .244  =  .0320 


Cp  = 


Cp  = 


For 


.1881  lbs.  SC,=  .0463 
.0463 

l881 


R 


Since  Cf—C,=  -j, 


r  -r  -- 


=  .2462 


52.5 

778 


C„=  .2462  - 

=  .1787 

and^=  1.379 

Cv 

Attention  should  be  called  to  the  fact  that  although  consider- 
able contraction  of  volume  occurs,  in  the  case  of  this  gas,  during 
combustion,  still  the  values  of  ft,  Cp  and  C^  are  not  greatly  dif- 
ferent from  the  corresponding  values  before  combustion.  In 
some  other  gases,  as  illuminating  gas  for  instance,  the  change  is 
even  less.  So  that  in  most  ordinary  cases  it  is  sufficiently  accurate 
to  assume  that  these  gas  constants  are  the  same  before  and  after 
combustion.  Only  in  cases  where  extreme  accuracy  is  desired 
is  this  assumption  not  permissible. 

3.  Computatioii  of  the  amount  of  air  used  in  excess  of 
theoretical  reqtiiremeiits  from  the  exhaust  gas  analysis. 

In  actual  practice  the  exhaust  gases  are  analyzed  for  COj,  O, 
and  N.  By  the  ordinary  method  of  collecting  these  gases,  the 
water  vapor  originally  present  is -thrown  down  and  does  not  appear 
in  the  analysis.     As  mentioned  before,  if  the  fuel  gas  itself  carries 
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no  nitrogen,  the  excess  coefficient  for  the  air  actually  used  may 
be  computed  from  the  formula  given  on  page  137, 

To  show  an  example  of  the  method  of  conipufation  when  the 
fuel  gas  carrier  N,  we  will  take  the  case  of  the  Dowson  gas  above 
given,  and  assume  that  tiie  exhaust  gas  analysis  gives  the  following 
results:  CO^  -  14.30%,  O  ^  5.31%,  and  N  -  80.33%  by  volume  " 
We  proceed  as  follows; 

Products  of  Combustion  for  theoretical  ratio  per  cubic  foe 
of  gas,  are: 

ft. 


CO, 

.3257  cu 

H,0 

.1997 

O 

.0000  ' 

,N 

.4898  ' 

N 

.8848  • 

-  L3746  cu.  ft.  of  N, 


due  to  gas  itself 

due  to  air  used 

35,G3%  in  due  to  gas, 
64.37%  is  due  to  air. 


of  which  ^ 


Total  l.lMKJQcu.  ft. 

On  the  basis  of  the  above  exhaust  gas  analysis »  we  now^  have 

Total  N 80.3, 

Of  this  amount,  N  due  to  excess  air  will  be  3J6  X  5.31 .  .  =  19.96' 
Leaves  N  due  to  the  gas  itself  and  to  air  actuiilly  burned     —  6(J_37 
Of  this  remainder,  as  above  shown,  35.63%  is  due  to  the 

fuel  gas -2L49 ■ 

Leaves  N  due  to  the  air  actually  burned  .  * =  38.1 

Hence  the  excess  coefficient 


C/  = 


38.88  +  19,96      58,84 


=  1.5 


38.88  38.88 

and  the  real  ratio  of  air  to  gas  for  the  original  fuel  mixture  wi 
1.5  X  1.12  =  L68- 

4-  Calorific  Intensity*  —  By  calorific  intensity  is  meant  the^ 
temperature  that  can  be  realized  theoretically  when  a  unit  weight 
of  any  fuel  is  completely  burned  under  stated  conditions  of  oxy- 
gen or  air  supply.  If  //  represents  the  heating  value  of  the  fuel 
in  B.  T.  V.J  A,  B,  C,  etc.,  the  weights  of  the  various  resulting 
prfiducts  of  combustion,  and  C^^,  Cp^,  T^,  etc.,  the  specific 
heat  at  constant  pressure  of  these  products,  the  general  state* 
ment  for  calorific  intensity,  supposing  the  pressure  to  remain 
constant,  is 
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TT 

Theoretical  Temperature  =  -ryr^ — — ^t; — —777; — --  °F. 

-ALpA  -r  oLpB  H-  ^^pc  H- 

Thus  the  calorific  intensity  of  hydrogen  with  theoretical  air 
would  be,  the  products  of  combustion  being  water  vapor  and 
nitrogen^ 

52230 

[9  X  .48]  +  126.8  X  .244]  * 

That  of  C  to  CO,  with  theoretical  air  would  similarly  be 

14500 _^  c/ww>  p 

[3.66  X  .20]  +  [8.91  X  .244]       "^ 

Such  high  temperatures,  however,  are  practically  never  realized, 
due  probably  to  two  causes.  On  the  one  hand  it  is  claimed  that 
the  specific  heat  of  gases  is  not  constant  at  all  temperatures,  but 
that  it  rises  with  the  temperatures;  on  the  other,  dissociation  is 
supposed  to  set  in  before  such  temperatures  are  reached.  These 
matters  will  be  taken  up  somewhat  more  in  detail  in  a  later 
chapter. 


CHAPTER  VII 


GAS-ENGINE  FUELS;  THE  SOLID  FUELS;  GAS  PR0DUC1®B'J 

f\  The  general  requirement  for  a  gas-engine  fuel  is  that  it  must 
mix  n^iidiiy  i^^ith  air  to  form  a  combustible  gas  or  vapon  Further, 
it  should  burn  with  little  or  no  residue.  This  latter  requirement 
is  not  met  by  the  solid  fuels,  as  coal  dust  for  instance,  and  while 
iaolatetl  attempts  at  using  powdered  coal  directly  have  been 
made,  they  have  so  far  not  been  succe.%sful,  owing  to  the  fa 
that  the  resulting  ash  soon  seriously  interferes  with  operati 
The  gas-engine  fuels  may  be  classed  under  three  heads: 

1.  The  solid  fuels. 

2.  The  liquid  fuels. 

3.  The  gas  fuels. 

It  is  the  rule  that  the  working  medium  in  all  internal  com- 
bustion engines  is  either  a   comliustible  gas  or  a  combustible 
vapor,  no  matter  what  the  fuel  may  have  been  from  w4iich  it  was 
derived.    This  implies  gasification  of  the  solid,  and  vaporization 
y  of  the  liquid,  fuels.    ^ 

As  already  pointed  out  above  ^  the  solid  fuels  cannot  be  em- 
ployed in  their  natural  state.  From  coal  we  derive  by  distillatioti 
illuminating  gas,  and  from  coat  and  sometimes  other  materials, 
as  wood,  refuse,  etc,  by  gasification,  the  various  classes  of  pr 
ducer  or  power  gas. 

Illuminating  gas  will  be  further  considered  under  the  head 
gas  fuels. 

z »  The  Conversion  of  the  Solid  Fuels  to  Gas :  Producer  Gases. 
—  Gasification  of  solid  fuel  differs  from  distillation  in  the  fact 
that  the  process  is  carried  one  step  further,  i.e.,  not  only  are 
the  gases,  if  any,  driven  off  from  the  fuel,  but  the  carbon 
itself  is  gasified,  leaving  behind  nothing  but  ash. 

The  fundamental  principle  of  all   producer-gas  processes 
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therefore,  first,  dry  distillation  of  the  foel,  and,  second,  the  con- 
f^veiBion  of  the  solid  carbon  into  a  combustible  gas,  which  can  only 
be  carbon  monoxide.  If  the  producer  gas  is  found  to  contain 
other  gases  than  those  mentioned,  it  can  only  be  due  to  changes 
m  the  procesSt  unavoidable  or  otherwise. 

Producer  practice  may  be  carried  on  under  the  following 
heads: 

L   No  steam  or  water  introduced  with  the  air,  air  gas. 

2.  Producer  blown  up  with  air  for  one  period,  then  blow^n 
with  steam  alone.  Product  during  first  stage  is  air  gas,  during 
the  second,  water  gas, 

3.  Producer  furnished  with  air  carrjang  a  certain  quantity 
of  water  vapor.  Product  is  ordinary  producer  gas,  Dowson  gas, 
etc. 

The  first  of  these  is  seldom  employed  on  account  of  limita- 
tions pointed  out  below.  The  second  and  third  introduce  modi- 
fications into  the  simple  air-gas  process  owing  to  the  presence  of 
rwater  or  steam. 

Am  Gas,  —  Considering  the  case  of  the  gasification  of  carbon 
aione»  resulting  in  the  production  of  the  so-called  air  gas,  assume 
the  combustion  of  C  to  CO  complete;  we  then  have 

I  lb,  of  C  +  1.S3  lb.  O  =  2.33  lb.  CO 

If  C  had  l)een  burned  completely  to  CO3,  the  calorific  power 

would  have  been  14647  Fl  T.  U,;  burning  only  to  CO,  however,  we 
obtain  only  4429  B,  T.  U,,  so  that  the  remainder  or  10218  B.  T.  U. 
Is  carried  out  of  the  producer  by  the  gas  made,  and  thus  repre- 
sents  its  heat  energy.  4429  B.  T.  I',  apjiears  as  sensible  heat  in 
the  gas,  and  if  the  gas  is  cooled  before  entering  the  engine  cylinder, 
i3  it  usually  is  for  gtwd  reasons,  the  greatest  possible  efficiency 
which  can  be  realiKed  from  the  gasification  of  1  pound  of  carbon 

in  this  w^av  is  ,  ~-'^  —  69.6  per  cent*     It  w4U  be  shown  below  that 
14647 

thbs  is  by  no  means  the  maximum  possible  producer  efficiency, 

Watku  ft  as,  —  When  water  vapor  is  led  through  or  over 

incandeseent  carbon  the  following  reactions  take  place: 

I.   C,  +  4  H,0  -  2  CO,  +  4  Hj, 
II,   C^  +  2  HjO  =  2  CO   +2  H,, 
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I  occurs  at  temperatures  less  than  1250  degrees  Fahrenheit, 
while  II  alone  occurs  at  temperatures  exceeding  1800  degrees 
Fahrenheit;  both  may  occur  between  these  temperature  limits, 
but  t  lie  higher  the  temperature  the  greater  the  formation  of  t'O. 
The  maximum  amount  of  I'O  is  of  cnurwe  the  end  in  view,  andj 
assuming  that  no  COj  is  formed,  i.e.,  temperature  at  or  above' 
1800  degrees  Fahrenheit  ^  we  have  the  following  quantitative 
statement: 

1  lb,  C  +  1.5  lb.  H,0  =  2.33  lb.  CO  +  .17  11).  H, 

from  which  1  pound  of  water  gas  must  contain 

2  33 
^w^—' — r^—  .9321b.  Carbon  monoxide 
2.33  +  .  17 

and 

1*7 

-=  .068  lb.  Hydrogen 


.17 


2.33  +  ,17 

The  gasification  of  1  pound  of  carbon,  therefore^  in  the  pres-| 
enee  of  water  vapor  restitts  in  produets  which*  4>n  complete  com- 
bustion, develop  the  following  amount  of  heat: 

2.33  lbs.  CO  X  4380    =  10205  B.  T.  U. 


.17  lbs.  Ha  X  62100 

Total, 
Heating  value  of  C  to  CO^, 

Ex  cess  I 

The  excess  of  6115  B.  T. 
latent  during  the  process. 


10557  B.  T.  U. 
20762  B.  T.  U, 
14647  B.  T.  U, 


6115B.T.  U. 


U.  can  only  be  due  to  heat  rendered 
Water  vapor  on  coming  in  contact 
with  incandescent  carbon  dissociates  into  H,  and  0.    The  latter j 
unites  with  C  to  form  CO3,  hut  as  the  temperature  of  the  producer | 
is  at  or  over  18(M)  degrees  Fahrenheit,  V(\  is  dissociated  to  CO, 
The  heat  thus  rentlered  latent  accounts  for  the  excess  above  shown. 
Now  it  is  evident  that  this  heat  can  only  come  from  the  stock  of 
heat  present  in  the  producer  when  the  blowing  with  steam  first 
starts.    Hence  there  must  be  a  continual  cooling  of  the  producer  j 
contents  during  the  period  of  water-gas  making.     This  results) 
finally  in  a  aerious  proiluction  of  CO3  according  to  react ii>n  I, 
when    the   steam    must   be  shut   off   and   the   contents  of  the 
producer  brought  back  to  incandescence  by  blowing  with  air. 
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The  mmt  unfavorable  operation  of  the  producer  occurs  when  the 
jreactioos  are  according  to  equation  I.     Under  this  condition 

1  lb.  C  -f  3  lb,  H,0  =  3,66  CO,  -h  .34  H, 

so  that  1  pound  of  water  gas  then  contains 

3  66 


and 


3.66  + 

.34 

.34 

3.66  + 

.34 

-  ,D15  lb.  CO, 


=  .085  lb.  Hydrogen 


The  production  of  water  gas  reckoned  on  the  basis  of  coal  or 
carbon  b  not  at  all  efficient,  since  the  heat  in  the  poor  gas  made 
during  the  blowing-up  period  is  very  often  wasted,  and  only  in 
rare  instances  of  utility.  Other  losses  are,  of  course,  those 
through  incomplete  combustion,  radiation^  etc.;  but  these  are 
inherent  in  all  producers  to  a  greater  or  Iciiser  extent, 

Pkouuceu  tiAs.  —  Midway  between  air  gas  and  water  gas  we 
find  the  great  class  of  power  gases  for  the  production  of  which 
the  producer  is  blown  continuously  with  a  mixture  of  air  and 
water  vapor. 

To  get  a  fair  insight  into  the  working  of  a  power  gas  pro- 
ducer and  of  the  efficiencies  that  may  be  reaUzed,  we  will  assume 
the  folio  wing  definitions  and  quantities,* 

L  The  heat  supplied  to  a  producer  consists  of  the  heat  fur- 
nished to  it  in  the  fuel  pins  the  heat  contained  in  steam  and 
air  above  a  certain  fixed  tein]>erature,  say  32  degrees  Fahrenheit, 

2.  The  heat  leaving  the  pnjducer  in  the  gas  is  made  up  of 
the  latent  heat  of  the  gas  plus  the  sensible  heat,  Wtiat  the 
quantity  of  heat  considered  as  the  useful  effect  in  efficiency  should 
be  depends  upon  circumstances.  In  furnace  work,  where  it  may 
be  of  adA^antage  to  employ  the  hot  gas,  the  useful  effect  would  be 
the  sum  of  the  latent  and  sensible  heats  of  the  gas.  In  gas-en* 
gine  practice,  on  the  contrary,  the  opposite  is  the  case,  and  the 
useful  effect  would  be  the  latent  heat  only.  In  the  first  case  we 
speak   of   the   hoi-gas  efficiency f  in   the   second  of  tlie  coM-gas 

♦  Adapted  from   the  discuiisioii  of  E.   3^ieyer,   Zcitachrift  dea  VeneinB 
titucher  Ingi&iiieuret  1^5,  p,  1523. 
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3.   Inside  of  the  producer  the  following  reactions  take  place, 
some  endothermic,  others  exothermif. 

Of  every  pound  of  carbon  the  larger  part  bums  to  CO^  the 
remainder  to  COj.     The  heat  generated  from  these  two  combus- 
tions is  utili^.ed  in  the  following  ways:     Part  of  it  dissociates  the, 
steam  preseat,  forming  H,  and  CO  or  CO^,  or  both.     How  thi 
action   varies   with   the   temperature  of   the    producer  has   al 
ready  been  pointed  out.     A  second  part,  of  the  heat  serves 
bring  the  fresh  fuel  up  to  the  temperature  of  the  producer, 
third  is  lost  by  radiation  from  the  exterior  producer  walls,  an<l 
the  remainder  appears  as  sensible  heat  in  the  gas  made. 

The  formula  to  be  derived  will  be  based  upon  one  pound  of 
rather  than  upon  one  pound  of  coal,  for  the  reason  that  coals  vary" 
greatly  in  composition,  and  it  is  in  exery  case  quite  ea^sy  to  change^ 
from  this  basis  to  that  of  coal  if  the  qualities  of  the  coal  be  knowi 
Let 

14500  B.  T,  U.  =  heat  of  combustion  of  1  lb.  of  C  to  3.66  \\i.  CO* 
4400  B.  T.  U.  =  heat  of  combustion  of  1  lb.      C  to  2.33  lbs.  O 
10100  B.  T.  U.  -  heat  of  combustion  of  2.33  lb.  CO  to  3.66  lb.  C( 
62100 


6900  B,  T.  U.  = 


9 


=  heat  required  to  dissociate   1   lb. 


water  vapor  under  producer  conditions. 

X  =  part  of  1  lb.  of  C  burning  to  CO^. 

(1  -—  x)  =  part  of  1  lb.  of  C  l^urning  to  CO- 

y  =  pounds  of  steam  introduced  per  lb.  of  C. 

A  =  heat  furnished  in  steam* 

B  =  heat  furnished  in  air. 

C  ==  heat  required   to    bring  fr^h  fuel   to   temperature 
producer. 

R  =  heat  lost  by  radiation. 

S  =  sensible  heat  of  the  gas. 

All  of  the  above  heat  quantities  are  per  pound  of  carbon  gas 
fied,  and  above  a  temperature  of  say  32  degrees  Fahrenheit. 

With  this  notation  the  s^^^ral  heat  equation  for  the  producer 
may  be  stated  as  follows,  based  on  1  lb.  of  carbon: 

4400  (1  -  z)  +  14500  X  ^  A  +  B  =  6900  y  -^  S  -^  R  ^ 

The  heat  that  will  be  generated  by  the  combustion  of  the  volunic_ 
of  gas  formed  comes  from  (*0  and  H, 
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Heat  generated  in  gas  per  pound  of  C  gasified 

=  [10100  (1  -  x)  +  6900  y.]  B.  T.  U. 

6900  y  for  the  heat  generated  by  H  is  obtained  by  considering 
that  we  must  receive  as  much  heat  from  frhe  combustion  of  the  H 
in  the  gas  as  was  rendered  latent  during  dissociation  of  the  amount 
of  H,0  required  to  furnish  it. 

Heat  supplied  per  pound  of  C  gasified  =  14500  +  A  +  B. 
Hence 

^  , ,           rn  '               10100  (1  -  X)  -f-  6900  y 
Cold.gas  efficiency 1450O  +  A  +  B 

Hot-gas  efficiency     ^  mOO  jl  ^  x)  ^mOOy  +  S 

In  the  latter  case,  no  part  of  the  sensible  heat  of  the  gas  is 
abstracted  before  the  gas  is  used.  In  practice  there  is  always 
some  loss  of  temperature  between  the  producer  and  the  place 
where  the  gas  is  used,  hence  S  is  never  fully  obtained. 

If  in  the  above  general  heat  equation  the  values  of  x,  A,  B,  C, 
R  and  S  are  known,  the  value  of  1/,  i.e.,  the  pounds  of  steam  to  be 
used  per  pound  of  carbon,  may  be  computed.  The  composition 
of  the  resulting  producer  gas  may  be  computed  as  follows,  using 
the  above  notation: 

Composition  by  Weight  per  Pound  of  Carbon  Gasified. 
CO    =  (1  -  x)  =^==  2.33  (1  -  x)  pounds 

44 
CO,  =  To  ^  =  3.66  X  pounds 

H  =ygy=|poimds 

The  amount  of  N  is  found  as  follows: 

1  ft 
Oxygen  required  for  CO  =  (1  -  x)  -  ^     =  1-33  (1  -  x)  pounds 

32 
Oxygen  required  for  CO,  =  y^^  =  2.66 x  pounds 


Oxygen  produced  by  dissociation  of  H,0. 
16 
=  18^^  = 
.  * .  O  required  from  air  blast 


16         8  . 

=  jg  J/  =  9  y  pounds 
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-  1.33  (l-x)  +  2.66  ^--y  pounds 

g 
«  1.33  (I  +x)'-  ^y  pounds 

[8   n  100 
1.33  (1  +  x  )  --  y     2o^  pounds 

Hence  also  N  brought  in  by  air  blast  is 


H 


1.33(1+ a;)- I  J/ Impounds 


The  total  weight  of  gas  produced  by  one  pound  of  carbon 
therefore  is 

=  2.33  il-x)  +  3.66 X  +  l  +  f  1-33  {l+x)-^y  1|||  pounds 
=  (6.67  +  5.67  X  -  2.77  y)  pounds  of  producer  gas. 

Composition  by  Volume  per  Pound  of  Carbon  Gasified.  — 

Volumes  at  32  degrees  and  14.7  lb.  pressure. 

Weight  per  cubic  foot  of  the  various  gas  under  standard  con- 
ditions. 

CO  =  .078071b.,  COj  =  .12267  lb.,  H  =  .00559,  N  =  .07831. 

Hence,   from    the   above  weight   computations,    we  may   write 
directly. 

Volume  of  CO  =~^^^  (1  -  ^)  =  29.84  (1  -  x)  cu.  ft. 
Volume  of  CO,  =^|^^  =  29.02  x  cu.  ft. 


VolumeofH=— ^-^^=19.87  2/cu.ft. 
Volume  of  N  =["1.33  (l  -  a:)  -  ^t/1- 


76.5 


23.5  X. 07831 
=  (55.51  +  41.74  x  -  37.10  y)  cubic  feet. 

From  this 

Total  volume  of  gas  per  pound  of  C  gasified 

=  [29.84(1 -a;)  +  29.02  x  +  19.87  i/  +  55.51  +  41.74  a:  -  37.10 1/] 

cubic  feet. 
=  (85.35  +  40.92  x  -  17.23  y)  cubic  feet. 
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2,  Thcoretica!  Yield  of  Producer.  ^ —  If  it  is  supposed  tliat 
no  COj  is  foniietl,  that  all  the  sensible  heat  produced  in  the 
generator  m  recu%'ered  in  making  steam  and  preheating  air  and 
fresh  fuel,  and  that  no  radiation  has  taken  place,  we  shall  have 

X  and  fl  -  0,  and  S  =  A  +  B. 

Under  these  thec^retit-al  conditions,  the  general  heat  equation 
(p.  151)  then  becomes 

4400  =  6900  y  +  C. 

The  value  of  C  is  approximately  ,2  X  1800  =  360  B,  T.  U. 
Hence 

4140  =  6900  I/, 

4140 
from  which  y  =-  ^v^  -    =  600  pounds  of  Kteam  per  pound  of  C 

gamfied. 

The  theoretical  yield  of  gas  per  pound  of  carljon  under  these 
conditions  will  be 

29,84  cubic  feet  of  CO. 

19.87  X  .600  =  1L92  cubic  feet  of  H 
aud 

55,51  -  37.10  X  .600  -  33.25  cubic  feet  of  N. 

Ttital  volume  of  yield  =  75,01  cubic  feet  per  pound  of  C, 
ComfK)sition  of  gas,  per  cent  by  volume, 

39.8  per  cent  CO,  15.9  per  cent  H,  44.3  per  cent  N. 

Taking  the  higlier  heating  valu*;  of  H  at  346  B,  T,  U*  per 
cubic  foot,  and  the  heating  value  of  CO  at  342  B.  T.  U,  per  cubic 
foot»  the  gas  yield  from  1  pound  of  C  will  develop 

(29,84  X  342)  +  {1L92  X  346)  =  14249  B.T.  U, 

The  higher  heating  value  per  cubic  foot  of  this  theoretical 
gas  j^  therefore 

14249 


75.01 


=  1S7,2B.T.  U.  percu.ft. 


In  actual  practice*  however,  A"  and  R  cannot  usually  =  O, 
neither  8  b  —  yl  4-  /?:  J.^.,  not  all  of  the  heat  appearing  as  sen- 
aible  heat  in  the  gas  leaving  the  producer  is  ever  recovered.    To 
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make  clear  what  happens  under  these  circumstances,  the  follow- 
ing table  is  constructed.  In  this  table  it  is  assumed  that  the 
heat  furnished  in  steam  and  air  per  pound  of  carbon  equals  1000 
B.  T.  U.  =  (A  -h  B)  in  all  cases,  and  that  the  sum  of  the  heat 
losses  due  to  radiation,  iZ,  and  sensible  heat  of  the  gas,  5,=  1640 
B.  T.  U.  per  pound  of  carbon. 

The  heat  furnished  the  producer  per  pound  of  C  will  then  in 
all  cases  be  14500  -f-  1000  =  15500  B.  T.  U.,  while  the  heat 
accounted  for  will  be   15500  -  (1640  +  360)  =  13500  B.  T.  U., 

so  that  the  generator  eflSciency  on  hot  gas  in  all  cases  =  ^---- 

15500 

=  87.2  per  cent.  It  is  further  assumed  for  illustration  that  only 
the  amount  of  carbon  burned  to  CO,  per  pound  of  carbon  gasi- 
fied varies. 
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In  conxmenting  upon  the  above  table,  Meyer  points  out  that 
a-^  tlie  percentage  of  CO2  in  the  gas  iiuTeasea,  the  heating  vahie 
of  the  ga^  decreases,  but  since  at  the  same  time  the  percentagei 
of  H  and  the  volume  of  gas  per  pound  of  C  increase,  it  is  not 
always  right  to  conclude  from  analysis  alone  that  the  efficiency 
of  the  generator  la  less  with  a  fairly  high  than  with  a  low  percent- 
age of  CO^  in  the  gas*  In  general  terms  it  can  be  statetl,  how- 
ever, that  the  lower  the  temperature  of  the  generator,  the  greater 
the  fonnation  of  CO^,  and  the  greater  also  the  loss  of  heat  in  | 
sensible  heat  of  tlie  re.suUing  gas. 

Referring  to  the  gas  engine  itself,  a  high  percentage  of  COA 
in  the  gas  means  a  low  engine  capacity,  since  this  high  percentage 
Is  usually  also  aeconipanied  by  an  increased  amount  of  the  other] 
indifferent  gases. 

3-  Gas  Producers  in  Practice.  —  Turning  now  to  actual  gen- 
erator practice,  we  find  tlie  following  main  points  of  difference: 
The  fuel  is  not  pure  carbon,  but  some  impure  form  of  it,  as  coal, 
coke,  lignite,  peat,  or  w^ood.  This  in  itself  merely  results  in  a  * 
lower  yield  of  gas  per  pound  of  fuel  fired  than  that  above  com- 
puted, and  tills  decrease  is  further  emphasised  by  the  fact  that 
some  of  the  unburned  carbon  in  the  fuel  is  always  lost  in  the  ash* 
A  complex  fuel  being  used  containing  gases  which  are  distilled 
off  during  the  hrst  part  of  the  [jrocess,  the  resulting  producer 
gas  will  have  a  somewhat  different  composition  than  that  above 
computed.  The  main  difference  is  due  tu  the  addition  of 
hydrocarbons,  and  this  difference  is  therefore  greater  with 
bituminous  coals  than  w^ith  any  of  the  other  fuels.  The  use 
of  any  of  the  above-mentioned  fuels  results  also  in  other 
complicatioiis  more  or  less  difficult,  depending  ujtou  the  fuel 
used.  Such  are  the  formation  of  tar,  dust  carried  by  the  gas, 
etc.,  all  of  which  make  a  cleaning  of  the  gas  imperative  before 
it  can  be  used. 

The  primary  consideration  in  the  operation  of  the  gas  pro-  \ 
ducers  is  perhaps  the  kind  of  fuel  used.     The  points  to  be  con- 
sidered in  this  connection  are:  percentage  of  water  carried. by 
fuel,  amount  and  kind  of  ash,  tar-forming  ingredients  of  tiie  fuel, 
size  of  fuel,  and  whether  it  cokes  or  not. 

A  high  percentage  of  water  lias  a  direct  effect  in  lowering  the 
temperature  of  the  producer,  besides  lowering  the  heating  value 
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of  the  gas  per  cubic  foot  as  made,  A  large  amount  of  ash  makes 
more  frequent  cleaning  out  necessary,  or  it  is  likely  to  re43ult  in  a 
partial  stoppage  of  the  air  supply.  If  the  ash  should  be  easily 
fusible  the  case  is  much  more  complicated,  as  this  results  in  bad 
clinkering.  The  size  of  the  fuel  should  be  a  happy  medium. 
Small  fuel,  ic;,  screenings,  etc.,  clog  up  easily  and  in  any  case 
require  a  higher  blast  pre^saure.  Large  fuel,  on  the  other  hand, 
offers  too  little  surface  for  gasification  and  is  apt  to  let  much  water 
and  COj  escape  unreduced,  A  coking  coal  nearly  always  gives 
trouble  from  this  cause,  and  it  necessitates  constant  breaking  up 
of  the  charge. 

The  formation  of  tar,  which  results  especially  when  bitumi- 
BouB  coals  are  gasified,  makes  a  cleaning  of  the  gas  for  engine  pur- 
poses indispensable.  Tar  results  w^hen  some  of  the  hydrocarbon 
^ases  are  eondensetl  through  cooling  in  the  gas  mains  and  pipes. 
If  these  gase^  reach  the  cyclindcr  their  combustion  is  likely  to 
result  in  a  strong  dey>osit  of  soot.  In  either  caae  the  operation 
of  the  engine  will  soon  be  seriously  interfered  with.  Tar  ran  be 
almost  entirely  removed  from  the  git^  by  washing  it,  but  this 
process  requires  constructions  fully  as  costly  as  the  producer 
it;3elf  and  hence  other  methods  have  been  employed 

The  tar- forming  gases  are  always  those  which  are  formed 
from  the  dry  distil latimi  of  the  coal,  hence  most  trouble  is  en- 
eiiuntereil  with  bituminous  coal,  less  with  lignite  and  still  less 
with  anthracite.  For  this  reason  anthracite  and  coke  producers 
have  l>een  most  successful,  although  producers  using  brown 
ef)als  and  lignites  are  in  operation,  as  are  also  those  using  bitu- 
minous coab  but  with  less  success.  This  does  not  apply  to  steel 
works  where  bituminous  coal  is  used  extensively  for  gasification. 
But  there  the  gas  is  used  mostly  hot  and  less  trouble  from  tar  is 
experienced. 

The  tar  gases  can  be  "fixed/*  i,e,,  changed  to  permanent 
gases  when  the  producer  gas  containing  them  is  led  through  an 
incandescent  bed  of  fuel  before  entering  the  gius  mains.  In  this 
ease  the  tarry  hydrocarbons  are  changed  either  to  H^O  and  CO, 
or  split  up  into  CO  and  H.  In  some  producers  only  the  gases 
resulting  from  the  dry  distillaiion  are  hamlled  in  this  way.  In 
either  case  the  tarry  hydrocarbons  are  fixed^  and  no  elaborate 
f^leaning  apparatus  for  the  gas  is  required.    The  necessity  for 
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treating  bituminous  producer  gas  In  this  way  has  resulted  in 
various  constructions  of  producer,  a  few  of  which  are  given 
below.  J 

Gas  producers  may  be  divided  into  three  classes:  ^ 

a.  Pressure    Producers*  ^  In    these    air    and    steam     are 
furnished  to  the  fuel  bed  by  a  blower  or  fan.     The  ash  pit  of  thafl 
producer  must  be  enclosed,   making  the  removal  of  ash   com-  ■ 
plicated  or  the  action  of  the  producer  intermittent,  unless  the 
water- bottom  type  is  used,     8team  for  blowing  is  usually   fur- 
nished by  a  separate  boiler.     Since  the  rate  of  pniduction  of  gas 

b  usually  not  regulated  according  to  the  demand  for  gas  directly, 
a  gas  holder  is  usually  necessary  for  this  type,  M 

b.  Suction    Producers.  —  In   this   class   the   air   and   steam  ■ 
are  drawn  through  the  producer  by  the  suction  of  the  engine 
cylinder.     The  production  of  gas  is  thus  directly  regulated   by 
the  demand.     The  asli  pit  remains  open,  and  steam  enough  can 
usually  be  generated  by  tlie  sensible  heat  of  the  gas. 

Suction  gas  producers  have  nearly  replaced  pressure  producers 
for  gas-engine  purposes.  Some  of  the  obvious  advantages,  as 
open  ash  pit,  absence  of  separate  boiler  and  of  gas  liolder»  have 
been  pointed  out  above-  The  dangers  at  first  supposed  to  be 
inherent  in  this  system  have  failed  to  materialize.  Leaks  in  a 
pressure  system  may  lead  to  a  poisoning  of  the  atmospheric  air 
by  the  color-  and  odorless  CO,  positively  dangerous  to  attendants. 
Leaks  in  a  suction  system  only  result  in  an  in-leakage  of  air.  _ 
That  this  can  never  happen  to  such  an  extent  as  to  form  an  ex-  ^ 
plosive  mixture,  except  through  a  combination  of  extraordinary 
circumstances,  is  at  once  evident  when  we  consider  that  the  ratio 
of  air  to  producer  gas  for  such  a  mixture  would  have  to  be  at  least 
1  to  L 

In  spite  of  such  advantages   the  suction   system   is   by   no 
means  perfect.    Tiie  regulation  of  the  water  supply  to  regulate 
the  amount  of  H  in  the  gas,  the  vaporizer  for  the  water,   and 
the  cleaning  apparatus  are  still  points  which  admit  of  improve-  _ 
ment  even  in  the  late  form.  fl 

c.  Combination  Producers.  —  The  air  and  steam  mixture 
is  drawn  through  the  producer  by  a  fan  and  the  resulting  gas 
forced  by  the  same  fan  to  the  engine.  The  producer  in  this 
system  is  thus  of  the  lauetion  type» 
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FiQ.  7-L  — Taylor 

Producer. 


Pressuhe  Producers*— y'ayon  Fig.  7-1  shows  the  Taylor 
prtwiucer  made  by  R,  D*  Wood  &  Co,  of  Philadelphia.  In  their 
publications  on  the  producer  this  company 
lays  down  the  following  requirements  for  a 
success  fill  pressure  producer,  Most  of  theses 
however^  apply  to  producers  in  general. 

L  A  continuous  and  automatic  feed;  the 
former  for  reguhirity  and  uniformity  of  gas 
production  with  improved  quality,  the  latter 
for  eUmitiating  negligence  of  attendants. 

2,  A  deep  fuel  bed  carried  on  a  deep  bed 
of  lishes;  the  first  to  niake  good  gas,  and  the 
second  to  prevent  waste  of  fueh 

3,  1 J  last  carrie<l  by  conduit  through  tlie 
ashes  to  the  incandescent  fuel, 

4,  Visibility  of  the  ashes,  and  accessibility 
of  tlie  apertures  for  their  removal,  arranged 
80  that  opemtor  ean  see  what  he  is  doing. 

5*  I^vel,  grateless  support  for  the  burden,  insuring  uniform 
depth  of  fuel  at  all  points,  and  consequent  uniformity  in  the  pro- 
duction of  gas, 

Th^e  points  are  well  covered  in  the  design  of  the  producer. 
The  fuel  m  admitted  through  a  distributing  hopper  which  keeps 
the  layer  of  fuel  level  over  the  cross-section.  The  bed  of  ashes 
is  kept  at  about  6  inches  over  the  top  of  the  air  pipe,  thus  protect- 
ing it  from  direct  heat.  The  entire  charge  in  the  producer  is 
supported  by  a  plate  whose  diameter  is  somew^hat  greater  than 
tlmt  at  tlie  bosh.  As  necessity  requires,  this  plate  can  be  revolved 
and  the  ashes  are  scraped,  or  they  fall  off,  into  the  closed  ash  pit, 
which  IB  under  blast  pressure.  The  grinding  action  ensuing  when 
the  plate  is  revolved  settles  the  contents  of  the  producer  and 
thus  closes  up  any  free  air  channels  (hat  nuiy  have  been  formed. 
Once  a  day  the  pit  must  be  opened  for  the  removal  of  the  ash. 
Blast  IS  supplied  generally  by  a  steam  jet. 

Morgan.  Somewhat  similar  in  design  is  the  Morgan  pro- 
ducer, Fig.  7-2.  The  main  point  of  difference  is  in  the  removal 
of  the  aah.  The  fuel  here  is  also  admitted  througli  a  contintinus 
automatic  feeding  device.  The  blast  is  rnntrolled  by  a  steam 
injector  so  designed  as  to  maintain  a  proper  proportion  between 
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air  and  steam.    The  iimke  of  gas  cim  be  completely  controlled  by  , 
the  adjui^tnient  of  a  f-mch  steatii  valve. 

This  producer  is  of  the  water- 
bottom  type,  ix.f  the  ashes  fall  into  a 
water  seal  at  the  bottom,  and  may 
there  be  removed  without  stopping 
the  operation  of  the  producer.  This  is 
not  possible  w^hen  a  grate  or  similar 
device  is  used  in  a  pressure  producer. 
For  certain  fuels,  especially  those 
highly  bituminous  or  those  where  ash 
is  apt  to  clinker,  the  water- bottom 
producers  possess  some  advantage  over 
the  othen^.  About  three  feet  above  the 
water  level  in  the  ash  pan,  and  some 
lEiches  above  the  top  of  the  blast  dis- 
tributing pipe,  a  number  of  sight 
holes  are  arranged  around  the  circumference  of  the  producerp 
Through  these  the  zone  of  combustion  may  be  watched.  The 
top  of  the  producer  is  covered  with  a  shallow  water  pan.  Poke 
holes  through  the  top  with  water-sealed  covers  are  also  provided. 


—  fi 
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7-2,  —  Morgim 
ProduL-er. 
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Fig.  7-3.  — Wile  Pr. 


iistnllatioti* 


Wik.     A  complete  Wile  pressure  gas  plant  is  shown  in  Fig, 
7-3.*     Bteam  under  about  40  pounds  pressure  is  generated  in  the  j 
boiler*  A,  and  enters  rhe  generator  through  the  injector,  I,  mixed 
w^ith  air.     The  gasr  made  passes  through  the  seal  box,  Z),  and  thai 

*  J,  I,  Wile  in  Power* 
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scmiyber  to  the  gas  holder.  This  is  the  ordinary  arrangement, 
but  it  h  open  to  objection  when  the  load  is  extremely  variable* 
In  such  a  case  it  is  iisiiii!  to  arrange  the  gas  holder  so  that  it  shuts 
oil  ^teanri  at  /  when  the  holder  is  full.  The  contents  of  the  pro- 
ducer then  cool,  and  a  further  cooling  results  when  the  steam  is 
next  tunied  on.  The  temperature  ranges  in  the  producer  are 
therefore  npi  to  be  high  under  such  conditions.  To  meet  this 
diflficulty  the  design  can  be  changed  by  placmg  the  steam  injector 
It  Bf  above  tlie  seal  box  D.  The  gas  hohler  is  connected  with  the 
Bal  box  liy  a  return  pipe  E.  When  the  gas  holder  is  up*  catch  // 
in  the  gas  holder  opens  the  return  valve,  and  the  injector  B  merely 
draws  on  the  gas  holder,  phicing  the  generator  temporarily  out  of 
commission.  When  the  gas  holder  falls,  the  return  valve  cU>ses, 
the  injector  draws  on  the  generator,  and  gas  is  again  made.  In 
tills  design  the  arrangement  at  /  is  then  merely  a  saturator,  and 
the  pbnt  is  really  a  combination  plant,  the  generator  being  under 
suction. 


■J 


•  < 
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,— Koerting  Preaaure  Prriducer, 


KorrUnfj,  Hannover*  Fig.  7-4  shows  a  Koerting  pressure  plant. 
The  gafies  made  during  the  fi ring-up  period  escape  through  the 
|>if)e  fi.  Should  the  natural  draft  not  be  strong  enough,  it  may 
be  increasetl  by  meitns  of  a  small  steam  blower  in  pipe  a.  After 
the  flame  at  the  try  cock  shows  dark  rerK  and  not  Ijlue,  the  valve 
b  m  eloBed,  and  the  gas  mafle  ?ient  throtigh  the  pre-hcater,  scmb- 
♦  Cllldner*  Entwcrfen  untl  Bercrhncn  dcr  VerbrcnTmngsmotorefi,  p.  384* 
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The  sir  is  pre-heated  by  the  heat  of  gases  in  the  heater  C.  The 
opening  b  is  used  to  try  the  gas  during  firing  up.  Arrangements 
of  scrubber  and  purifier  are  similar  to  those  already  described. 

PaeUer.  The  Poetter  producer,*  Fig.  7-6^  is  especially  de- 
signed for  bituminous  coal.  The  fuel  charged  is  distilled  while 
still  in  the  hopper,  the  gase^  formed  are  drawn  off  by  special 
steam  blower  and  are  le<l  through  the  pipe  Cd  under  the  grate* 
Air  for  blast  is  provided  through  e  f.  The  gas  made  escapes  at  a, 
and  is  first  used  to  raise  the  steam  required  in  a  boiler.  It  is 
then  le<l  through  cooler,  scrubber,  coke-  and  sawdust  purifier  to 
the  gas  holder.  Schottler,  in  describing  a  plant  of  Poetter  pro- 
ducers at  Johannesburg,  surmises  that  their  operation  might  cause 
trouble,  but  the  kind  of  coal  used  at  Johannesburg  is  not  stated. 


J  I 


Fia,  7-7,  —  Mond  Producer  Plant. 

Mond.  When  a  producer  is  blown  witli  a  large  excess  of 
steam,  a  great  deal  of  it  will  go  through  undecomposed.  At  the 
same  time,  however,  the  quality  of  the  gas  made  undergoes  some 
radical  changes.  The  quantity  of  H  in  the  gas  will  be  high, 
sometimes  up  to  25  per  cent,  while  at  the  same  time,  on  account  of 
the  low  producer  temperature,  a  great  deal  more  of  the  C  is  burned 
in  COj  than  is  ordinarily  the  case-  A  further,  and  important, 
.change  is  that  a  great  deal  of  the  N  is  changed  to  ammonia ^  a 
eaction  w^hich  does  not  take  phice  in  producers  run  under  the 
ordinarily  higher  temperatures.  To  recover  this  ammonia  is  an 
mifKirtant  consideration.     This  is  the  process  of  Mond. 

A  Mond  gas  plaru  consists  essentially  of  two  parts^  the  pro- 
ducer and  the  condensing  and  recovery  plant,  Fig.  7-7. 
♦  Rev.  Mec,  1904*  p.  484, 
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The  details  of  the  producer  A  do  not  differ  much  from  thofie    i 
already  described.     It  is  of  the  water-bottom  type.     The  g^H 
made  passes  throujerh  the  regenerators  B,    These  consist  of  doubl^^ 
wroiight-iron  tubes  united  iilternately  top  and  bottom.     The  hot 
gases  pass  through  the  inner  tubes,  heating  the  mixture  of  steam 
and  air,  useil  for  blowing  the  producer,  which  flows  through  the 
outer   tubes    in    the    opposite    direction*     The   gas    next  passes 
through  the  washer  C\    This  is  a  hirge  chamber  partly  filled  with 
water.     By  means  of  dashers,  driven  by  D,  the  chamber  is  kept 
filled  with  water  spray.    The  gas  is  cooled  considerably  in  pass- 
ing through  C,  the  water  vapor  in  the  gas  being  condensed  to  a 
great  extent.     Up  to  this  point  all  of  the  apparatus  is  necessary 
even  if  no  ammonia  recovery  is  attempted. 

For  a  gasification  capacity  of  Ic^s  than  30  tons  of  coal  in 
twenty-four  hours  it  is  not  usual  to  install  a  recovery  plant  on 
account  of  the  high  cost  of  installation.  Beyond  this  capacity 
the  installation  is  justified.  A  recovery  plant  consists  of  the 
acid  tower  Ej  the  gas  cooling  tower  F^  and  the  air  heating  and 
saturating  tower  G  (see  Fig.  7-7)* 

The  gas  after  leaving  the  condenser  0  enters  the  tower  E  at 
the  bottom  and  flows  upward  through  firebrick  checker  work. 
In  doing  so  it  meets  a  descending  rain  of  sulfuric  acid  liquor 
containing  about  4  per  cent  of  free  acid,  aid  by  this  the  free 
ammonia  In  the  ascending  gas  is  fixetl,  being  changed  to  sulfate. 
The  acid  liquor  is  circulated  by  a  special  pump,  and  kept 
at  the  proper  strength  hy  drawing  off  the  sulfate  liquor  and 
adding  a  corresponding  amount  of  fresh  acid  solution  from  time 
to  time. 

The  gas  then  enters  the  cooling  tower  F,  at  the  bottom,  and 
in  its  ascent  is  cooled  by  descending  cold  water.  The  gas  gives 
up  its  burden  of  steam,  which  in  turn  heats  the  descending  ctdd 
water.     The  gas  is  then  conveyed  to  the  gas  mains.  ^M 

The  hot  water  leaving  the  gas-cooling  tower  is  pumped  to  tli^^ 
top  of  the  air-saturating  tower.  Here  it  flo\^'S  ilownward  through 
checker  work,  and  in  its  descent  saturates  and  heats  the  air, 
which  is  driven  upward  through  the  tower  by  lilowers,  treaving 
this  tower,  the  air-water  vapor  mixture  then  gt>es  to  the 
regenerator  B,  where  it  is  further  pre-heated  before  entering  tlie 
producer. 
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Sexton*  states  that  the  amount  of  steam  used  is  about  2 J 
Um  per  ton  of  fuel,  and  eijtimatesi  that  about  two  ioms  of  this 
'  fp  tIu*ough  uudecom posed, 

^  — ^^  method  ha^s  the  advantage  that  slack  coal  may  be  gasified 
IWpuccess,     The  recovery  of  aiinuonia  amounts  to  about  1  ton 
for  23  tons  of  coal  gasified,  or   adding   the  fuel   required   for 
making  steam ♦  about  I  ton  for  28.5  tons  of  fuel. 
The  average  analysis  of  Mond  gas  isi  by  volume, 

Jl  per  cent  CO,  17.1  per  cent  COj,  1.8  per  cent  CH^,  A  per  cent 

C^Hj^  ,  27  per  cent  H,  and  42.5  per  cent  N. 

This  gas  is  free  from  tar  and  excess  of  moisture,  and  burns  with  a 
Qoa-lummous  flame. 


1-  -^  -• 


Fig.  7-8.  —  Deuta  Suction  Producer. 

Suction  Peoducers.  --  DeuLz.f  In  the  Deutz  suction  pro- 
duoer.  Fig,  7-8,  the  vaporizer  h  arrange<l  around  the  top  of  tlie 
generator.  During  the  suction  stroke  of  the  engine,  fresh  air 
enters  the  vaporizer,  is  here  mixed  with  water  vapor,  and  then, 
flowing  through  the  connecting  pipe  at  the  left  side  of  the  genera- 
tor, reaches  the  under  side  of  the  grate.  The  gas  made  leaves  the 
generator  through  the  pipe  at  the  right  and  enters  the  wet  scrub- 
ber at  tbe  bottom.     From  here  it  passes  to  the  engine  through  a 

♦  Sexton,  Prodtjcer  Gas,  p.  00. 
t  GOldner,  p.  386. 
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American  Crossiey,  The  American  Crossley  suction  gas  plants 
in  this  country  are  built  by  the  Power  &  Mining  Machinery  Com- 
paay»  Fig.  T-^ll  shows  a  complete  plant.  The  producer  is  of  con- 
ventional design,  The  fuel  bed  rests  on  a  shaking  grate.  The 
fyel  is  admitted  as  shown.  The  waste  heat  boiler  or  saturator 
surromuis  the  feed  tube.  The  water  level  in  this  saturator  is 
automatically  regulated.  During  the  firing-up  period  the  pro- 
ducer is  blown  by  means  of  the  fan  shown,  the  gases  e-scaping  by 
tb  purge  pipe.  A  new  idea  seems  to  be  the  saturating  of  only 
pm  of  the  air  .supply.     The  makers  point  out  the  difficulty  of 
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uniform  gas  at  all,  especially  at  low,  loads^  owing  to  the 
difficulty  of  controlling  the  amount  of  steam  admitted.  To 
rem e«ly  this,  part  of  the  air  only  passes  through  the  saturator^ 
while  the  rest  is  directly  admitted  to  the  ai^h  pit.  Valves  on  these 
[  two  air  inlets  can  be  set  so  as  to  give  satisfactory  gaa  over  wide 
ranges  of  load. 

Another  arrangement  in  which  this  producer  plant  differs  from 
[most  others  is  that  of  the  cleaning  apparatus.  ThiB  consists  of 
iret  scrul>l)er*  an  hydraulic  box,  and  a  coml)ination  wet  and  dry 
jbber.  The  giis  enters  the  first  and  passes  downward^  passing 
upward  in  the  combination  scrubber.  The  operation  is  shown 
plainly  in  the  cut. 
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Fairhanks^Aforse,  Fig.  7-12  ghows  a  Fairbanks-Morse  installa- 
tion for  21  hoi^e-power,  the  producer  itself  being  shown  in  Fig, 
7-13,  in  greater  detail.    The  general  design  of  the  producer  is  very 


r 
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FiO.  7-12.  — Fairt*anka-Morac  1  natal  la  t  ion* 


similar  to  that  of  the  American-Crossley,  except  that  all  of  the 
air  paasas  through  the  vaporizer  Apparently  only  a  wet  scnih- 
ber  is  provided,  it  being  evidently  intended  to  use  anthracite 
only.  A  gas  tank  of  considerable  volume  is  interposed  betweeoj 
scrubber  and  engine. 

The  suction  producers  so  far  described  have  been  for  anthra- 
citei  coke,  or  charenaL  The  desire  to  utilise  soft  coal,  lignite^s, 
etc,,  has  led  to  special  designs,  of  which  the  following  are  a  few 
examples*  In  some  of  thi*se  all  of  the  gas  made  from  I  he  fnel 
is  passed  througli  otlier  highly  incandescent  but  gas- free  fuel 
fix  I  he  tar-ff*rnung  gases,  in  others  only  tlie  gases  of  distillatioii 
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col  Limn  at  the  right  senses  as  a  magazine  for  the  fuel  bed  at  6* 
The  gases  formed  are  sucked  up  through  C,  which  is  kept  filled 
with  incandescent  cbarcoaL  The  fixed  gas  passes  through  pipes 
d  and  e,  being  washed  by  means  of  sprayed  water  in  its  passiige. 
Lencmichez,  *  Instead  of  using  two  separate  stacks,  the  two 
fuels  may  be  put  together  in  one  furnace,  as  is  done  by  Lencauchez, 
Fig,  7-15,  Long-flaming  bituminous  coal  is  charged  through  a, 
while  through  h  coke  from  coke  ovens  or  gas  works  is  charged. 
Water  is  evaporated  in  the  ash  pit.  The  openings  c  and  d  show 
only  black  smoke,  while  e  shows  a  colorless  gas.  The  gases  from 
the  soft  coal  are  fixed  in  passing  through  the  incandescent  coke 
layer.    Schottler  mentions  that  this  gas  is  not  used  as  powder 
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Fio,  7-15,  —  Lencauchea  Producer, 


gas  but  for  heating  purposes.    The  proportions  of  the  charge  are 
about  20-25  per  cent  coke  to  80-75  per  cent  soft  coal. 

Li'ncauchvz,  f  Another  way  of  reaching  tlie  same  end,  that  is, 
fixing  the  tarry  gases,  is  by  the  use  of  so-called  double  genera- 
tors. In  these  generators  the  charge  burns  both  top  and  bottom, 
the  gases  being  drawn  off  at  about  the  middle  of  the  producer. 
Fig.  7-16  shows  a  generator  of  this  type  designed  by  Lencauchez* 
It  consists  essentially  of  three  conical  parts.  The  upper  one 
serves  as  a  magazine.  In  the  middle  one  the  fire  burns  on  top, 
in  the  bottom  one  at  the  bottom.  Air  enters  at  D  and  B.  Water 
Is  introduced  at  A  and  evaporated  in  the  ash  pit*  The  air  and 
gas  currents  are  shown  by  the  arrows.  The  gases  of  distillation 
formed  in  the  magazine  are  drawn  downward  through  the 
♦  Z^^itechnft  de«  Vereins  deutsclier  Tngenieyre,  1905»  p.  1903. 
•♦scbrift  de«  Vereins  deutscher  Ingenieure^  1905,  p,  1905 
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Koerting.  *  Koerting's  producer  for  peat*  Fig.  7-17,  is  built 
along  line^  similar  to  the  above.  The  producer  consists  of  two 
parts,  of  which  the  upper  and  larger  one  is  fitted  with  step  grates, 
a  Uf  the  lower  one  with  an  ordinary  grate  h.  Wlien  in  operation, 
the  charge  of  peat  in  the  upper  parts?  bums  only  near  the  grates 
a  a,  whrle  the  inner  core  of  i>eat  is  only  coked.  The  gases  so 
formed  pass  into  the  perforated  pipe  €  and  are  led  through  d 
under  the  grate  b.  The  coked  peat  formed  in  the  upper  part 
passes  downward  and  is  gasified  over  the  grate  b.  The  giii^s 
from  d  pa-^  througli  the  incandescent  layer  above  t,  are  fixed,  and 
together  with  the  gases  formed  over  h  pass  out  at  e,  One  would 
naturally  assume  at  first  sight  that  the  gii^e^  of  distillation  would 
pass  directly  downward  and  out  at  e,  instead  of  entering  c  and 
passing  through  d.  The  direct i<m  of  the  movement  is  regulate<l 
by  creating  a  slight  vacuum  under  the  grate  6,  and  by  contract- 
ing the  producer  section  at  /.  This  contraction  produces  an  extra 
resistance  to  the  passage  of  gases  downward  *  and  they  conse- 
quently take  the  more  convenient  way  through  c  and  d,  Schottler 
gives  the  analysis  of  a  peat  gas  so  made  as 
14  per  cent  COj,  4  jK*r  cent  CH^,  15  per  cent  CO,  10  per  cent  H, 

and  57  per  cent  N, 
producer  elTieieney  being  about  75  j^er  cent. 
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Combination  Systems.  —  Cromley.  The  Crossley  produf^er, 
Fig.  7-18,  \h  suitable  for  bituminous  coal^  or  other  gaseous  fuel. 
The  fuel  is  first  charp;c{I  into  the  retorts  .4,  and  is  there  distilled  by 
tbe  sensible  heat  of  the  gases  formed  lielow.  When  charging, 
the  valve  B  is  drawn  tightly  against  its  seat,  and  the  fuel  Is 
projected  downward  by  turning  the  spiral  D  by  means  of  the 
capstan.  When  the  distillation  is  complete  the  casting  B  is 
lowered  and  the  coked  fuel  is  thrown  into  the  main  part  of  the 
producer  by  turning  />,  At  the  same  time  it  is  broken  up  by 
the  spirals.  The  gases  of  distillation  are  drawn  out  of  the 
retorts  through  the  pi|}e  F,  and  pass  under  the  grate  T,  at  M. 
The  suction  is  produced  by  a  fan  blower,  which  at  the  same  time 
draws  air  and  ^team  to  the  main  bed  of  fuel*  and  discharges  the 
resulting  producer  gas  into  a  holder  at  suitable  pressure. 


^vN6»i^xs^5&tK^>^^y:.:';^i^^ 


ifi 


if^-- 


Ficj.  7-19.  —  DcutK  Double  Zone  Producer, 
^ymitz.  The  Deutz  plant  for  bituminous  coal  is  shown  in 
^V  7-19.  The  producer  is  of  the  douljle-generator  tyj:>e.  The  air 
^lera  the  vaporiser  at  a,  and  reaches  the  ash  pit  throuf^h  pipe  6. 
The  fire  burns  top  and  bottom.  Green  coal  is  clmrged  at  the  top, 
1'  is  distil  led,  the  giises  formed  pass  down  wan  1  throujjh  incnn- 
tl<"'Hf*fiiit  fuel  and  are  so  fixe<.l,  passing  oul  at  c.  The  greater  part 
'*'  the  fuel  coked  near  the  top  passes  downward  and  is  finally 
K^ifel  in  the  lower  part  of  the  producer,  the  gases  also  passing 
^^t  a|.  r,  Suction  is  maintained  hy  a  fan  connected  beyond  ttio 
i'"ke  acrubl>er.     Owing  to  the  fixing  of  the  tarry  gases  it  is  found 
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that  a  coke  scrubber  is  all  that  is  required.  The  fan,  which  is 
almost  a  necessary  part  of  such  a  plant,  owing  to  the  increased 
friction  entailed  by  the  design  of  the  producer,  delivers  the  gas 
to  a  holder.  The  holder  regulates  the  make  of  gas  by  con t roiling 
the  fan.  During  the  firing* up  period,  a  purge  pipe  is  lowered 
over  the  top  of  the  generator,  which  has  no  special  charging  belL 
The  same  fan  is  then  used  as  a  blower  to  furnish  air  to  the  pro- 
duceTp  by-passing  the  scrubber. 


j2 


r 


^ 


n^ 


=^3aP^^   / 


^^umit 
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^^ 


Fig,  7-20.  —  Lcwmis^Pattiljone  Producer. 

Loomis-PHtibone.  *  The  Loomis-Pettibone  gas  apparatus.  Fig, 
7-20,  may  be  used  for  the  making  of  producer  gas  alone,  or  for 
alternate  manufacture  of  water  gas  and  lean  power  gas.  Each 
plant  consists  of  two  producers,  a  boiler,  a  combination  wet  and 
dry  scrubber,  and  an  exhauster  which  delivers  the  gas  made  to 
the  proper  holder  or  the  purge  pipe,  depending  upon  the  positions 
of  the  valves  x,  y  and  z.  The  producers  are  charged  through  the 
top*  Through  the  same  doors  the  air  also  enters,  Tlius  the 
gases  pass  downward  through  incandescent  fuel,  so  that  any  kind 
of  fuel  may  be  employed.  Leaving  the  producers  at  the  bottom, 
the  gases  pass  through  the  boiler,  where  they  are  cooled,  and 
then  through  the  acrubl)er  and  purifier*  The  make  of  gas  is  con- 
trolled by  the  speed  of  the  exhauster*  the  suction  pressure  being 
ordinarily  from  12  to  24  inches,  the  delivery  pressure  about  6 
inches  of  water. 

Suppose  it  is  desired  to  make  water  gas.  The  feed  doors  J^ 
~  A  Power  Pbnl  of  the  MoBle^uinu  Copper  Co*,  Jahu  I<aDgton. 
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and  F,  and  the  valve  B,  are  closed.  Steam  is  then  admitted 
under  the  grate  of  producer  No.  2,  the  right-hand  producer  in 
Fig,  7-20*  The  water  gas  formed  in  No.  2  is  passed  through  the 
top  connection  to  No.  1,  passes  down  No.  1»  out  at  >4p  and  thus 
up  the  boiler  and  through  the  scrubber  to  gas  holder  The  next 
time  water  gas  is  run^  the  directions  are  reversed,  or  this  may  be 
done  when  one  half  of  a  water-gas  run  is  completed.  To  make 
water  gaSj  the  aim  is  to  blow  the  producers  up  with  air  as  hot  as 
possible,  and  then  pass  steam  only  through  them  until  a  great 
deal  of  it  goc^  through  undecomposed.  Then  air  alone  is  again 
us*^  to  get  the  fires  hot.  This  procedure  means  a  wide  range  of 
temperature  in  the  producer,  and  while  this  does  not,  affect  the 
qualily  of  the  water  gas  seriously,  it  does  affect  the  producer 
gas  made  during  the  blowing-up  periods,  as  a  great  deal  of  CO, 
is  formed  when  ttie  pmducers  are  comparatively  cooL  In  a  large 
plant  where  several  producers  are  at  one  time  delivering  to  the 
same  gas  holder,  this  irregularity  is  not  much  felt  at  the  mixing 
valve  of  the  engine  where  the  two  gases  are  mixed  in  proper 
proportion*  For  a  single  set  plant  tliis  feature  of  varying  pro- 
ducer gas  make  is  more  serious,  and  for  this  case  the  producers 
may  be  operated  in  a  different  manner. 

To  this  end  the  steam  connections,  M,  are  used  so  that  steam 
may  be  introduced  along  with  the  airi,  thus  making  water  gas 
and  le^n  gas  concurrently,  maintaining  the  producer  tempera- 
ture fairly  constant  for  a  long  time;  in  other  words,  true  producer 
gas  b  made.  To  get  around  the  too  fine  adjustment  of  air  and 
&am  for  constant  temperature,  somewhat  less  top  steam  than 
yuld  \m  Used  is  employed,  thus  allowing  the  temjierature  to 
slowly  rise.  A  short  water-gas  nm  fetches  it  down  again  to  the 
proj^er  pohit.  The  water  gas  made  is  slowly  fed  from  its  holder 
to  the  main  gas  holder  through  a  controlled  throttle  valve  so  that 
it^  rate  of  feeding  approximately  equals  its  rate  of  production. 

4,  Some  Producer  Details.  —  Jlathot,  in  The  Engimcring 
Xfiujazifie,  May,  1005,  gives  the  following  data  for  suction  por- 
duccrs : 

To  get  the  greatest  production  of  H  and  the  most  effective 
reduction  of  CO^,  make  the  cross-section  of  the  base  of  the  pro- 
ducer from  0.6  to  D.9  of  the  piston  area  of  the  engine.  This  is 
for  a  single  cylinder  4-cyele  engine  at  from  600-800  feet  piston 
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speed*    The  depth  of  fuel  bed  should  be  from  3  to  5  times  the  diam* 
eter  at  the  btise^  for  1-inch  to  J-meb  Imnp  coal.    Amount  of  I 
i\ater  disaociuted  is  from  0.8  to  1.2  times  the  weight  of  coal  con- 
sumed. 

More  than  twenty  analyses  give  the  following  average  figures: 

CO,  24  per  cent;  COj,  5  per  cent;  H,  17  per  cent;  N,  54  per  cent. 

Calorific  power  from  135  to  150  B/T.  U.  per  cubic  foot.    Average  ^ 

coal  used  shows  89  per  cent  C,  2  per  cent  H,  4  j>er  cent  O  -f  N, 
and  5  per  cent  ash.  Best  sHe  coal  ib  from  J-hich  to  H-incii  lump 
with  S  to  10  per  cent  of  ash,  and  not  more  than  S  to  10  per  cent 
volatile  matter. 

Water  in  the  ash  pan  is  satisfactory  for  steam  production  if 
the  air  is  pre-heated.  But  preference  is  now  given  to  internally 
heated  vaporizers.  Tubular  vaporizers  produce  sufficient  steam 
after  it)  to  13  minutes.  With  well-dejiigned  apparatus,  any  suc- 
tion plant  should  be  in  operation  25  minutes  after  lighting  up. 

Tlie  volume  of  the  scnil>ber  should  be  from  6  to  8  times  tli at  of 
the  producer.  Its  height  should  be  from  3  to  4  times  its  diameter. 
The  filling  is  coke  in  pieces  3  to  4  inches  in  diameter,  the  coarser 
pieces  near  tlie  iMtum,  the  smaller  near  the  top.  Amount  of 
water  used  for  washing  is  from  3  to  5  gullonii  per  horse-power  j>er 
hour  for  anthracite  gas. 

According  to  the  DeLavergne  Company^  the  impurities  to  be 
removed  from  one  ton  of  fuel  are,  for  anthracite,  from  1  to  2  pounds 
of  anmionia,  traces  of  sulfur,  and  from  5  to  10  pounds  of  tar; 
for  bitutninous  coaU  from  4  to  5  pounds  of  ammonia,  sulfur  from 
traces  to  5  per  cent^  and  from  10  to  12  gallons  of  tar. 

The  Morgan  Construction  Company  point  out  the  effect  of 
sulfur  on  the  formation  of  clinker.  A  coal  with  a  large  per 
cent  of  ash  may  work  satisfactorily  in  a  producer  provided  the 
sulfur  does  not  e^tceed  1  per  cent.  Above  3  per  cent  the  effect 
of  sulfur  in  forming  clinker  is  badly  felt  unless  sx>ecial  facilities 
are  at  hand  to  break  up  such  formations. 

The  same  company  makes  the  following  statements  regard* 
ing  pressure- producer  capacities.  The  best  rate  of  combustion 
seems  to  be  about  10  pounds  of  bituminous  coal  per  square  foot 
cross-section  per  hour,  the  coal  carrying  10  per  cent  of  ash  and 
IJ  per  cent  of  sulfur.     With  coals  of  lower  ash  content  the  rate 
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lay  be  increased  to  12  pounds,  and  in  some  special  cases  to  15 
ounds.  For  poorer  coals,  however,  the  rate  may  sink  to  6  or  8 
winds.  Regarding  the  size  of  gas  flues  and  pipes,  the  statement 
made  that  each  square  foot  of  gas  flue  will  take  care  of  a  gasifica- 
on  of  200  pounds  of  coal  per  hour,  and  will  serve  a  gas-making 
•ea  of  16  square  feet  in  the  producer. 


CHAPTER  VIII 

THE  GAS-ENGINE  FUELS:  LIQUID  FUELS,  CAHBUKETEH  AND 
VAPORIZERS 


1.  The  Crude  Oils  and  their  Distillates*  —  The  crude 
petroleum  oils  are  practically  mechanical  mixtures  of  various 
hydrocarbon  families.  It  is  therefore  to  l>e  expected  that  crude 
oils  from  various  fields  show  compositions  considerably  different. 
From  these  crude  oils  we  obtain  by  distillation  all  of  the  mineraJ 
oib  now  so  widely  used  for  a  great  variety  of  purposes.  Of  these • 
oils  the  various  gasolines,  kerosenes,  and  the  so-called  "distillates/*! 
besides  crude  oil  itself,  are  used  for  gas-engine  fuels. 

Crude  Oil. — ^The  following  table"*  gives  a  few  analyses  of  crude ^ 
oils  from  different  parts  of  the  world.     These  oils  are  usually  of 
a  dark  green  color^  the  specific  gravity  is  between  0.80  to  0.90 
at  32  degrees,  and  the  flash  point  between  76  and  93  degrees 
Fahrenheit. 


Sp, 

Oaad 

Gravity 

C 

H 

Impuii- 

at  32** 

tifl« 

Ixifrar 
per  puuiid 


Heavy  crude  W*  Virginia  .  * 
Light  crude  W,  Virginiii , , . 

Heavy  crude  Pa , . . 

Light  crude  Pa.  ..*..♦.*.. 

Heavy  crude  Ohio 

8ult  Creek,  Wyoming 

Both  well,  Canada 

Limat  Ohio 

8cliwabwiilert  Lower  Rhine 

Gallicia,  East  . . , 

Gatlicia,  East 

Light  Crude,  Baku  ..,..,. 
Heavy  Crude^  Baku  .».,,, 
Keudong^  Java , . 


.873 

83,5 

13.3 

3,2 

.841 

84.3 

14.1 

1.6 

.886 

84. Q 

13.7 

1.4 

.826 

82.0 

14,8 

3,2 

.886 

84,9 

13.7 

1.4 

.857 

84,3 

13.4 

2.3 

80  2 

17.1 

2,7 

.861 

86.2 

13  3 

,5 

.872 

82.2 

12.1 

5,7 

.SS5 

85,3 

12.6 

2  1 

.884 

86.3 

13.6 

.1 

.956 

86-6 

12.3 

.1.1 

85.0 

11.2 

2.8 

18324 

18400 
19210 
17930 
19210 
19463 
20410 
21000 
18781 
ISOIO 
18416 
19440 
19496 
18330 


*  Foole,  the  Calorific  Power  of  Fuela. 
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Gasolixe.  —  After  the  distillation  of  the  very  light  products 
from  crude  oil,  we  obtain  a  series  of  gasolines  of  varying  flash 
pointa  and  gravity.  The  first  of  these  is  86  degree  gasoline,  aa 
measured  on  the  Beaum^  scale.  This  forms  a  mixture  with  air 
go  readily  even  at  ordinary  temperature  that  it  is  somewhat 
d&ngarous  and  not  often  used.  The  next  gasoline,  the  original 
liquid  gas-engine  fuel,  is  74-degree  gasoline-  Owing  to  the  much 
greater  consumption  of  gasoline,  due  to  the  introduction  of  the 
automobile  mainly,  the  gravity  of  gasoline  and  also  the  flash 
point  have  slowly  gone  up,  until  to-day  69-degree  gasoline  is 
quite  common. 

Gasoline  vaporizer  readily  at  ordinary  room  temperatures, 
and  it  is  therefore  necessary  to  keep  it  covered ,  not  only  to  pre- 
vent loss  but  also  accidents  due  to  explosions.  Insurance  com- 
panies usually  specif}^  that  any  quantity  of  it  muBt  be  kept  in 
an  underground  tank  outside  of  the  building,  and  that  is 
iindoul>tedIy  the  best  way. 

Data  on  the  heating  value  of  gasoline  is  not  at  all  plentifuL 
A  sample  the  writer  had  the  opportunity  of  testing  recently  gave 
the  following  figures: 

Specific  gravity t  Beuum^  69 -5  at  60  degrees  Fahrenheit. 

Composition,  84.76  per  cent  C,  15.24  per  cent  H. 

Lower  heating  value  as  computed  from  analysis,  2041 1  B»  T*  U. 

Heating  value  as  determined  by  Junker's  calorimeterp  higher 
Jue  19606,  lower  value  1S482  B.  T-  U. 

It  should  be  noted  that  this  is  one  of  the  instances  where  the 
heating  value  as  computed  is  much  higher  than  the  actual  value, 
Dearly  2000  B,  T,  U.  =  10  per  cent  in  this  case.  It  shows  the 
nec^aity  of  catorimetric  determination  for  accurate  work, 

Keeoskne.  *- Kerosene,  the  next   heavier  distillate  Ijeyond 

lolines,  is  not  as  extensively  used  as  gajioline  in  thii>  country 
for  gas  engines.  It  will  not  form  an  explosive  niLxture  with  air 
at  ordinary  temperatures,  and  therefore  requires  more  elaborate 
apparatus  for  the  formation  of  such  a  mixture.  The  following 
data  is  given  by  Mr,  S,  A.  Moss  for  ordinary  American  kerosene: 

Sp,  Gr,  at  60^        Flash  point       C       H      Lower  Heating  Value 
open  by  weight        per  lb.  B.  T,  U, 

.80  lOif  ,85     .15  18520 


Specific  gravity  at  24°C 

Average  composition,  C 

H 

0 
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Further  reliable  data  on  kerosene  is  given  in  a  lecture  byf 
Diesel  in  1897,  in  connection  with  Schottler'a  test  of  the  Diesel 
engine. 

(75.2^  F.)    J89. 
85,13  per  cent* 
14.21  per  cent. 
,66  per  cent. 

Lower  heating  value  computed  from  analysis,  19874  B,  T.  U, 
Lower  heating  value  by  Junker's  calorimeter, 

average  of  five  tests,  18242  B.  T.  U. 

Distillates.  —  A    distillation    product   resi*mbling  kerosenal 
in  its  general  properties  is  sf>metinie.^  used  us  fuel.     These  so- ' 
called  distillates  are  not  as  well  refineil  as  kerosenCi  but  are  handled 
the  same  when  used  for  engine  work. 

The  following  table,  due  to  Hofer  and  transposed  from  GiUd- 
ner,  shows  a  good  method  of  presenting  the  various  distillation 
products  frnni  cm  tie  oil: 


(a)  VoMiUOiis. 

8p*  Gr,,  .65- J5,  Flash  PniN-r  Beuow  70°  F, 
Below  300° 

BOlLDfG-PoiAT 

Sp.  Hr. 

ntjilinK-Foltit 

Petrnlpiim  Ether              .    .    -  . 

6IV-.68 
,G7-,74 

Dfl'*-122**  F 

Benzine 

Various  Oftsolc^tiCfl   *...,............  ^ 

n2^-L5«p 

149^-300^ 

(6)  lUuminaHng  Oils, 


Flarr  Point  70°-ia8°,  BoiUNO-PoiHT 

ABOVE   300^  F. 


Sp*  Gr, 

American  Kertx'^no  ,.*..»., *  *     .78  -.81 

Husslan  KoroBcrxo    »»..*.,,..*,.,*,.....,,..,,.      ,'82  -  *^5 

Standupd  White , ,808-812 

Prime  White  .,,..,,...,..,,,.,.,.. .80-806 

Asiralin  , . , , ,..,,,, 85  -.86 
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(t*)  Heavy  OUs. 

Sp.  Gr,,  .86^,96,  Flash  Point  374-4S^  F. 

Sp,  Gr, 

Solar  Oil    , . .,. 86- ,88 

Lubricating  and  Cylinder  Oils.     .88-. 90,  etc.,  can  be  used  aa  lubricating  oils 

only. 


2-  AlcohoL  — The  use  of  ak'olinl  as  a  gas-en^iiR^  fuQl  in  this 
country  is  as  yet  of  no  great  importance,  ah  bough  the  recent 
iiciion  of  Congrei*^  in  removing  internal  revenue  under  certain 
rei^trictions  will  Jo  a  great  dpul  toward  hx*lping  alcohol  to  the 
f jlaee  it  deserves  as  a  fueh  In  sonio  European  countries,  Germany 
for  instance,  the  price  of  alcohol  ia  not  much  greater  than  that 
of  ga^soline,  and  it  may  therefore  conijwte  with  ga.soline  wilh  some 
iiucceHSf  especially  when  some  uf  it8  advanta;t(es  arc  eunsidered. 
It  13  much  safer  than  gasoline  as  reganls  fire  risks*  and  since 
if  alwayss  contains  some  water,  a  higher  degree  of  compression 
may  be  employed  in  the  engine,  guarant toeing  helter  thermal 
etiicieney.  These  advantages  comi>easate  largely  the  greater  spe- 
cific heat  cost  uf  alcohol, 

Kthyl  alcohoh*  whose  chemical  formula  is  C^H^O,  may  be 
Riade  in  various  ways,  but  the  commercial  alcohol  of  to-day  is 
the  result  of  fermentation,  generally  of  grape  sugar.  In  tlie  hnal 
sta^e.  The  raw^  materials  are  various-  Thus»  according  to 
S^Lod  t  they  may  be  divided  into  three  classes: 

i.  Those  containing  starch  —  potatoes,  with  15  to  24  per  cent 

starch. 
rye,   with   50  to  56   per  cent 

starchy 
corn,  with  60  per  cent  starch, 

2.  Those  containing  sugar  —  sugar  beet  ^  with  S  to   18  per 

cent  sugar, 

3ugar  cane,  with  12  to  16  per 
cent  sugar, 

3.  Those  containing  alcohol — ^wine  with  9  to  16  per  cent  alcohol 

^  What  follows  lis  a  reprint  from  iin  artiflfi  Ity  the  writer  on   the  us>e  of 
o\  ik»a  fuel  for  gas  atagine^  iri  Marine  Kngine^riof^,  June,  19015, 

t  gutid,  Zeit^ichrift  des  Vereines^  deutseher  Ingenieure,  1894^  p^  933^ 
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The   method   of    manufacture,  of  course,   vari^   with    the" 
raw  material,  but  need  not  be  described  in  detail  here.    Theo- 
retically, 100  pounds  o£  grape  sugar  should  yield  51  pounds 
of  pure  alcohol;  in  reality  the  yield  is  from  i  to  }  less  than  this' 
amouutp 

A  second  method  of  producing  alcohol,  notably  mentioned 
by  Witz  iu  his  "Moteurs  k  Gass  et  k  P^trole/'  is  to  start  with 
calcium  carbide  as  a  raw  mate  rial.  This,  by  a  somewhat  com- 
plicated process,  can  be  changed  from  CaCj  through  the  stages 
of  CjH^  and  C3H4  to  alcohol,  C^H^O.  Barium  carbide  or  strontium 
carbide  can  be  used  in  the  same  way.  Wit 2  states  that  from  1 
kilogram  (2-2  pounds)  of  calcium  carbide  0.8  liter  {L69  pints) 
of  alcohol  can  be  obtained;  this  is  equivalent  to  0.096  United 
States  gallons  of  alcohol  from  1  pound  of  carbide.  Estimating 
the  price  of  carbide  at  3  cents  per  pound,  which  is  even  now  some- 
what belo^v  the  market  price,  1  gallon  of  alcohol  would  therefore 
cost,  in  raw  material  alone,  3L2  cents,  to  say  nothing  of  the  cost 
of  the  chemical  operations.  The  by-products  in  the  case  of  the 
calcium  carbide  do  not  amount  to  much.  There  is  consequently 
little  likeliliood  that  the  so-called  synthetic  or  mineral  alcohoL 
will  ever  seriously  compete  with  gasoline  or  kerosene  fc 
power. 

The  heating  value  of  alcohol  cannot  be  accurately  compute 
from  its  chemical  composition,  because  nothing  definite  is  known 
of  the  arrangement  of  the  atoms  entering  the  composition.  We 
therefore  have  to  depend  upon  the  calorimeter.  The  figure^ 
determined  for  absolute  alcohol  by  various  experimenters  af 
as  follows: 


Tbompson  ........ 

F&vre  k  Silbermaji 


HiyKher  H eating  VjUu« 
per  pQuEd 


1S310B.  T.  U, 
12913  B,  T.  V. 


Lowtr  FI«Attiig  V»lu« 
per  pound 


12036  B.  T.  U. 
11664  B,  T.  U. 


The  value  11664  B.  T.  U.  is  the  one  most  generally  used. 
Absolute  alcohol  has  a  specific  gravity  of  0.7946  at  15  degrees 
Centignide  (59  degrees  Fahrenheit),  so  that  one  gallon  of  pure 
alcohol  weighs  6.625  pounds,  and  has  a  lower  heating  value  o^, 
77274  B.  T.  U* 
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One  pound  of  CjH^O  contains  0.522  pound  carbon,  0.130  pound 
hydrogen,  and  0.348  pound  oxygen. 

According  to  this  there  will  be  required  for  the  combustion 
of  one  pound  of  absolute  or  100  per  cent  alcohol, 

(0.522  X  2.66)+ (0.130X8)  -  0.348      ^  a     r- 

^ — )—z^ =  9  pounds  of  au-. 

This  is  the  equivalent  of  111.5  cubic  feet  of  air  at  62  degrees 
Fahrenheit,  per  pound  of  CgH^O.  Commercial  alcohol,  however, 
is  never  pure,  but  nearly  always  contains  a  certain  quantity  of 
water,  the  admixture  being  measured  according  to  volume  per 
cent.  Thus,  90  per  cent  alcohol  means  that  the  mixture  carries 
10  per  cent  by  volume  of  water.  The  heating  value  of  such 
alcohol  is  of  course  correspondingly  reduced  from  that  of 
100  per  cent  alcohol  according  to  the  following  table,  due  to 
Schottler: 


Absolute  alooh<d 
volume — per  oent 

Specific 
gravity 

Absolute  alcohol 
weight— per  cent 

Lower 
heating 
value  per 

pound 
B.T.  U. 

95 

0^805 

93.8 

10880 

90 

0.815 

87.7 

10080 

85 

0.826     • 

81.8 

9360 

80 

0.836 

76.1 

8630 

75 

0.846 

70.5 

7920 

70 

0.856 

65.0 

7200 

70 

0.856 

65.0 

7200 

It  is  required  by  law,  in  countries  where  alcohol  is  now  used 
in  the  industries,  to  so  fix  the  fuel  that  it  is  rendered  undrinkable. 
This  process  is  called  "denaturizing''  the  alcohol.  The  bill 
passed  by  Congress  at  the  last  session  provides  for  the  same 
thing.  The  materials  used  for  this  purpose  differ  in  the  various 
European  coimtries.  Some  of  them  try  to  keep  the  process  a 
secret,  hence  some  of  the  information  given  in  the  following  table  * 
is  based  upon  analyses. 

^  Zeitschrift  dee  Vereines  deutscher  Ingenieure,  June,  1905. 
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Materials  Useh  to  Denat0ri3^  Erfm*  Alco&ol 


Counijry 


Sp,  Or.  of 

Uenat' 

Alf^obol 

At 

C 


Methykue 
(wooii 

Add 

its 

imptlritieA 

per  oerit 


Pyridine 

or 
Pyrttline 


tone 
percent 


Benxol 
percent 


Bennin 
petcenl 


France  ..,...,., 
Gemumy 

Denjit.  Alcf»hol. 

Mot^ir  Alcohol  , 
Austria 

l>enat,  AJmhnl . 

Hot  or  Aiwihol  , 

Uu^ia    

Italy 

Motor  AJcohol  . 
Switzerland  ..... 


Q.832 

0.S35 
0.830 

0.837 


7  d 


2  5 


0  05 
0  32 


0  5 


2  0 


2.5 


1.0 


It  will  be  noted  from  the  table  that  the  material  most  used 
for  denaturizino;  ethyl  alcohol  is  wood  alcohoL  The  heating 
value  of  the  fuel  is  by  the  addition  of  the  denaturizing  liquid 
changed  but  little  in  moBt  cases.  ^| 

Benzol,  C^^,  besides  being  used  for  denaturizing,  is  some^* 
times  used  in  larger  quant itieis  than  indicated  in  the  above  table, 
for  tlie  purpose  <?f  increasing  the  heat4ng  value  of  the  fiiel  mixture 
per  pound-  Benzol  has  a  specific  gravity  of  0.S66  and  a  heating 
value  of  17190  B.  T.  U.  per  pound*  A  mixture  of  x  per  cent 
by  weight  of  absolute  alcohol  with  y  per  cent  of  benzol,  will  there- 
fore have  a  heating  value  of 

[11664  j:+  17190|/]B.T.  U.  perlk 

If  the  alcohol  is  not  absolute,  its  proper  heatmg  value  shoulij 
be  substituted  from  the  table  above  given.  In  this  way  froB 
10  to  4(1  per  cent  of  beuzol  is  sometimes  employeil,  thus  raising 
the  heating  value  of  the  fueli  and  at  the  same  time  decreasing 
the  specific  heat  cost,  i,p.,  the  cost  per  heat  unit. 

There  is  a  second  reason  why  benzol  \^  employed.     Under  cer- 
tain circumstances  there  will  be  ff^rmed  acetic  acid  in  the  products^ 
of  combustion  of  aleohoh     This  causes  rusting  of  the  engine  parti 
On  examination  it  will  be  found  tliat  this  is  due  to  a  combustion 
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with  insufficient  air  supply  ^  and  the  sure^^t  way  to  prevent  rust- 
ing, therefore,  Ls  to  use  a  good  excess  of  air^  and  to  have  a  perfect 
mixture.  Under  such  conditions  there  will  be  no  danger  of  cor- 
rt>6ifm.  It  is  also  found  that  a  good  addition  of  l>enzol  acts  as  an 
additional  safeguard.  It  should  not  be  forgotten  in  this  connec- 
tion, however,  that  the  great  advantage  possessed  by  alcohol  in 
ks  odorlesa  exhaust  is  sacrificed  to  some  extent  by  the  use  of  ben- 

3,  Mixing  Devices  for  Liquid  Fuels.  —  As  has  been  already 
ptiinted  out,  the  fuel  mixture  of  a  gas  engine  is  always  a  gas  or 
vapor  mixed  with  air.  Hence  in  the  case  of  liquid  fuels  special 
devices  are  required  to  convert  these  fuels  into  gases  or  viipor, 
Such  device-s  are  indiscriminately  known  as  carbureters,  vapor- 
isers, niixera,  or  mixing  valves.  In  the  strict  sense,  a  carbureter 
m  a  device  in  which  the  mixture  is  formed  by  passing  air  over  or 
through  the  liquid  fuch  When  no  special  heating  of  the  fuel  is 
done,  these  devices  are  applicable  to  the  more  volatile  fuels  only, 
afi  gasoline.  The  name  carbureter*  however,  is  also  used  when  in 
this  device  gastilme  is  mechanically  atomi?.ed  or  sprayed  into  the 
current  of  incoming  air.  The  term  vaporizer  is  usually  employed 
when  considerable  lieat  fi>r  gasification  or  vaporization  is  re- 
Cjuired,  as  is  the  case  for  kerosene,  crude  oil,  and  alcohol. 

Mixing  Devicks  fur  Ciasoline:  CAUBiiniiTfiKs. — Carbu- 
reters in  which  the  air  is  passed  over  or  through  gasoline  have 
the  drawback  that  when  the  carbureter  chamber  is  filled  witli 
fresh  gasoline  the  lighter  constituents  of  the  liquid  distil  off 
first*  The  parts  harder  to  vaporize  remain  behind,  so  that  the 
fuel  mixture  is  anything  but  constant,  growing  leaner  as  the 
V  apo  r  i  zatio  u  p  r<  >g  resses . 

Atomizing  or  spraying  carbureters  are  not  open  to  this  objec- 
Tion,  a  definite  amount  of  gajiioline  being  injected  each  time. 
Hence  tliey  are  nmch  used,  especially  in  autonK»bile  work. 

Figiire  8-1  shows  a  carbureter  which  is  of  wliat  has  been  very 
aptly  termed  the  bubbling  typo.  The  suction  stroke  of  the 
engine  establishes  a  partial  vacuum  in  a  through  the  check 
valve  €,  and  the  chamber  d,  interposed  for  reasons  of  safety. 
This  causes  air  to  enter  tfi rough  the  screen  h,  rising  through  c  in  a 
spray.  Bubbling  uj>  through  the  gasoline  it  carricij  with  it  some 
trf  the  vaporized  liquid  and  goes  through  d  and  e  to  the  engine. 
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where  a-  normal  combustion  mixture 
is  fornied  by  the  addition  of  more 
air.  The  jacket  water  from  the  engine 
may  be  circulated  through  /^  assisting 
in  the  vaporization.  In  Sspeeial  causes 
a  part  of  the  exhaust  gases  may  also 
be  circulated  through  the  bottom,  g. 

Figures  S-2  and  8-3  are  properly 
termed  surface  carbureters.  In  the 
former,  tlie  Reithman  carbureter,  the 
gasoline  is  fed  from  the  reservoir  a  in 
drops  into  the  chamber  b,  where  it  is 
absorbed  by  broad  suspended  wicka. 
From  the  surfaces  of  these  the  gaso-^ 
line  vaporizes,  adding  itself  to  th| 
air  which  strikes  through  chamher* 
b  on  every  suction  stroke.  Chamber 
/  is  filled  with  clean  gravel    or  wire 


r+ 


\v\vvlvv  vvv \ \.<S\K\^V V l\K v% 


^ 


Pio,  8-2  —  Reithman  Carbureter. 

screens,  to  act  as  a  safety  device  against  possible  back  firing. 
Chamber  b  is  surrounded  by  a  water  jacket,  the  water  m 
which  is  heated  by  the  exhaust  gases  passing  through  the_ 
tubes  d  d- 
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The  Petreano  carbureter^  Fig*  8-3,  will  serve  far  either  gasoline 
or  alcohol.  The  exhaust  gases  pass  through  a  central  pipe^  r, 
ipvhich  is  surrounded  by  a  jacket ,  V,  The  pipe  r  has  a  eovering> 
d,  of  spongy  asbestos  film  which  is  constantly  kept  moist  with 
the  liquid  to  be  vaporized.  The 
liiguid  fuel  enters  by  one  open- 
ing in  the  topi  the  air  by  an- 
othar.  The  chamber  V  has  four 
cones,  as  shown,  two  of  which 
are  also  partially  covered  with 
asbestos.  By  means  of  these 
C(ine5  the  fuel  vapor  and  air  are 
thoroughly  mixed  before  enter- 
ing the  chamber  M  and  finally 
the  suction  pipe  to  the  engine* 
The  small  openings,  o,  are  for 
the  purpose  of  drawing  off  the 
heavier  parts  of  the  liquid,  those 
that  vaporize  less  easily,  if  there 
be  any*  in  order  not  to  interfere 
with  the  regularity  of  carbureting,  '^'^^  ^^^  -  P«^ti*eflno  Carbureter. 

Atomi^sing  or  spraying  carbureters  are^  however,  much  more 
frequently  employed,  and  the  following  to  be  described  are  all  of 
this  type. 

t    -  - — ^- 


Seml*S«ctloii«l 

$HTi«iiniit,  Views. 


fiiCTi&wenfclt. 


Fio.  B-A.  —  Luttkeiiheitoer  M being  Valvea. 
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The  simplest  design  of  this  type  of  earbufeter  is  show 
Fig,  8-4,  which  shows  two  of  the  Lunkeiiheimer  curbureters.  In 
either  design,  gaaollue  is  furnli^hed  through  the  opening  0^  and 
its  admission  to  the  valve  sent  of  the  main  suction  valve  E  is 
regulated  by  the  needle  valve  A,  On  the  suction  stroke  of  the 
engine  the  valve  E  automatically  lifts,  and  the  air  rushing  thn>ugh 
this  oj>ening  carries  wnth  it  a  certain  anionnt  of  gaisoline  flowing- 
from  the  small  hole  K.  It  is  quite  evident  that  this  type  of  car- 
bureter gives  best  service  on  hit-and-miss  engines.  For  anyi 
other  type  a  varying  load  would  probalily  cause  trouble,  as  ther 
is  no  automatic  regulaUon  of  the  gasoline  supply. 

Still  of  very  simple  deHJign,  hut 
capable  of  regulation  of  the  gasoline 
supply,  is  the  Sintss  carbureter.  Fig. 
S-3.  The  lift  of  the  gasoline  needle 
valve  b  is  regulated  by  the  lift  of, 
the  mechanically  regulated  suclior 
valve  a.  By  means  of  the  cock  c  it 
is  pijssibie  to  admit  part  of  the  aiii 
uncarburetetl  to  the  cylinder. 

Figures  M-6  and  8-7  are  examples 
of   the    so-called    float-feed    type    o£« 
carbureters. 

The  Daimler,  Fig.  8-6,  is  well 
Fia.  8-5.  — HinU  Carhurotcr.  kno\vn.  A  float,  B,  in  the  cham- 
ber, Ai  operates  a  pair  of  counterweight  levers,  J^,  and  through 
them  the  valve  spindle,  Df  which  controls  the  adnfission  of 
gasoline  at  C,  keeping  it  at  a  constant  level  in  the  noxzle.  Gaso-, 
line  enters  at  N  from  a  tank  under  slight  pressure  or  at  a  highei 
level,  0  is  a  cloth  filter  and  the  plug  P  serves  to  catch  an}'  grit 
that  may  be  brought  in.  The  float  chamber  is  vented  through  a, 
small  hole  in  the  cap  over  the  valve  spindle  to  relieve  any  pre 
sure  which  may  be  formed  due  to  varying  ptmitions  of  the  float  Bj 
The  action  of  the  carbureter  is  as  follows:  At  each  charginp^^ 
stroke  of  the  engine  air  is  draw^n  into  the  annular  chamber  // 
and  passes  with  great  velocity  througli  the  drop  tube  F,  surround- 
ing the  gasoline  noz^Je,  The  gasoline  is  drawn  in  a  jet  from  the 
nozzle  and,  with  the  air,  striking  the  deflector  K,  the  two  are  very 
thoroughly  mixed,  passing  to  the  engine  through  M.     An  aux- 
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E.  On  the  suction  stroke,  air  enters  at  H,  and  rushing  up  through 
the  double  cone  draws  the  gasoline  from  the  nozzle,  atomizing  it 
by  striking  the  perforated  cone  G.  A  secondary  air  supply  is 
admitted  through  the  cap  L  and  the  holes  in  G^  being  regulated 
by  the  position  of  the  cap  L» 


i-€>A-r 


Fig,  8-8. —  De  Dion  Carbureter. 

Of  more  complicated  design,  but  in  principle  the  same  as  the 
other  float-feed  carbureters^  is  the  De  Dion,  Fig.  S-8,  Air  is 
adndtted  through  the  tube  t.  By  the  position  of  the  valve  V  (sea 
horizontal  section),  which  position  can  be  regulated  by  the  lever  / 
(see  vertical  sect  ion)  ^  part  of  the  air  goes  directly  into  the  dis- 
charge pipe  i\  while  the  rest  is  deflected  downward  to  be  car- 
bureted. The  course  of  this  latter  body  of  air  is  indicated  in  the 
right  %*ertical  section  by  the  arrow.  The  level  of  the  gasoline  in 
the  nozzle  Z>  is  again  kept  constant  by  the  annular  float  C  in  the] 
chamber  //,  operating  the  lever  G  and  through  it  the  valve  F. 

It  will  l>e  noted  that  none  of  the  atomizing  or  i^praying  carbu- 
reters for  gasoline  so  far  described  are  heated  in  any  manner* 
Occasionally,  however,  we  find  one  in  which  the  atomizing  ia 
assisted  by  heat*  The  W,  Hay  vapori?!er,  Fig,  8-9^  is  of  this 
type*  Gasoline  enters  the  annulur  chamber,  a  a,  through  the 
pipe  d.  From  this  chamber  a  tminber  of  small  openings  open  in 
the  seat    "f    ♦l^"  suction    valve  E.     Home   of   these   openings 

ting  screws  as  shown  at  the  left.     Dm 
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the  opening  of  E,  the  in  rush  of  air  atomizes  the  gasoline  flow- 
ing from  these  small  openings,  and  the  current  of  air  and  gaao- 
Une  striking  the  wings  e  of  the 
fan  h,  supported  ,on  the  spindle 
/,  sets  the  fan  in  motion,  thus 
promoting  a  thorough  mixture  of 
air  and  vapor  before  the  fuel 
finally  passes  through  x  to  the 
admission  valve  A,  The  ex- 
haust gases  from  B  are  passed 
through  the  chamber  F,  finally 
aseaping  through  the  slotted 
openings  g.  In  their  passage 
they  heat  both  the  gasoline 
storage  chamber  a  a  and  the 
fan  eh  amber. 

Occasionally    we    also     find 
carbureters  which  combine  the  »^— - 

several   principles    of  those   de-      Fig.  S-fl.  —  W.  Hay  Vaporizer. 
scril>ed.     Thns  in  the  Gautier  carbureter,  Fig.  8-10,  the  gasoline 
h  admitted  through  A,  the  supply  being  regulated  by  the  valve 


o 


TlQ,  S"10»  —  Gautier  Carbureter. 

K,  which  opens  at  the  proper  moment  owing  to  suction  through 
pipe  E,  Part  of  the  supply  falls  on  to  the  saucer  F,  and  from 
I  tliepe  into  the  reservoir  //.    Into  the  liquid  at  H  dips  a  pipe  G, 
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supported  as  shown.  The  air  supply  through  /  circulates  through 
the  chamber  L,  bubbles  through  the  Hcjuid  at  //  into  the  chaniber 
surrounding  the  saucer  F,  licks  up  some  of  the  gasoline  in  the 
saucer^  and  the  mixture  finally  escapes  through  E. 

VAPtmiziNG  Devices  fob  Crude  Oil  and  Kerosene. —I 
While  it  is  fairly  easy  to  satisfactorily  atomisie  or  vaporize  | 
gasoline  and  to  maintain  the  mixturet  the  thing  is  a  little  more 
dillicult  willi  keroisene,  and  much  more  ^o  with  crude  oik  In 
either  case  the  agency  of  heat  is  required,  and  this  is  applied 
either  in  a  separate  vaporizer  or  retort,  or  the  kerosene  or  crude 
oil  is  injected  directly  into  the  cylinder,  the  vaporization  taking 
place  ill  the  combustion  chamber. 

One  trouble  with  kerosene  is  the  readiness  with  which  some 
of  the  vapor  is  condensed  on  striking  compiiratively  cool  sur- 
facet*.  This  may  happen  on  the  mixture  striking  parts  of  thej 
w^ater-coolcd  walls.  In  such  a  case  part  of  the  fuel  ntay  go  through 
the  cylinder  uiiburned,  and  this  is  a  point  that  should  be  care- 
fully guarded  against  when  a  special  vaporizer  for  kerosene  is 
employed. 

In  tile  case  of  crude  oil,  the  heating  in  the  vaporiser  results 
in  the  ilistillatiiui  of  the  lighter  pn^ducts  first.    The  amount  of^ 
vapor  formed  will  naturally  be  less  and  less  as  the  distillation ' 
proceeds*  resulting  in  a  ctuistant  impoverishing  of  llie  fuel  mix- 
ture.   The  remedy  would  therefore  seem  to  be  a  constant  supply j 
of  fresh  oil  and  a  removal  of  the  old  before  it  has  commenced' 
to  seriously  decrease  its  yield.    This  is  what  is  actually  done 
in  some  devices*    The  method,  however,  naturally  results  in  the 
fact  that  the  plant  can  only  use  part  of  the  crude  oih     It  is 
claimed  by  some  that  only  10  per  cent  of  the  oil  Is  st>  withdrawn 
from  the  vapor isser^  but  this  seems  extremely  doubtful. 

A  crude  oihair  mixture  Is  open  to  the  same  objection  as  a" 
kerosene  mixture  as  regards  condensation  oi  some  of  the  heavier 
hydrocarbons  and  consequent  loss.     Both  of  ihc^ie  mixtures  are  I 
also  subject  to  cracking;  that  is,  a  breaking  up  of  the  heavier' 
hydrocarbons  into  tlie  lighter  with  a  consequent  deposit  of  carbon> 

For  large  power  plants  the  best  solution  in  the  ease  of  crude 
oil  would  seem  to  be  the  use  of  some  type  of  oil -gas  producer. 
Bome  of  these  are  in  actual  use  along  the  Pacific  coast,  and  will 
be  described  later. 


GAS'ENaiNE  FUELS 


193 


Figure  S'l  1  shows  the  keroi^ne  atomizer  used  on  the  Hornsby 
engine.  With  it  is  combined  the  regulating  valve.  Kerosene 
13  pumped  up  through  the  lower  right-hand  pipe  In  the  sectional 
cut.  The  governor  regulates  through  c  the  position  of  the  over- 
flow vah^e  b,  the  surplus  kerosene  flowing  back  through  d  to  the 
reservoir.    The  kerosene  at  the  moment  demanded  by  the  engine 


Fig.  8«ll,  — RomstUy-Akroyd  Atomixer. 
IS  forced  by  the  pump  through  the  plug  a,  iaauing  from  its  end  in 
a  fine  »pray.    This  plug  is  kept  cool  by  a  water  jacket  as  shown. 

Another  atomiaing  kerosene  carl i ureter  is 
the  (jibbon,  shown  in  Fig,  S-12.  In  this  a 
valveless  pump  x  w,  actuated  by  a  cam, 
injects  kerosene  from  the  tank  up  through 
the  atomizing  opening  into  tlie  chamber  U. 
This  13  furnished  with  %ving3j  [/',  to  pre- 
i*f*nt  a  larger  surface  for  heating-  Chamber  U 
m  directly  connected  with  the  com  bust  ion 
chainl>eri  and  is  surrounded  by  a  liglit  case 
to  prevent  radiation.  At  the  start  it  is 
lieated  by  a  lamp,  but  after  a  short  period 
of  operation  the  charge  ignites  by  compres- 

rlion,  as  is    the   case   also    in   the  Hornsby 
bngines. 
In  the  Crossley  vaporizer,  Fig,  R-13|  a 
ci^rtain  fixed  amount  of  oil  is  measured  and 
drawn  into  the  vaporizer  by  the  air  on  the  ^ 
openmg  of  the  valve.     In  this  case  ignition    Kerosene  Vaporiser, 
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The  pump  furniBhing  the  air  for  this  purpose  also  furnishes  air  to 
the  annular  space  J,  surrounding  the  nozzle  K,  for  the  purpose 
of  a  to  mi  zing  the  oil.  The  findy  divided  oil  enters  the  vaporizer 
chamber  and,  mixing  with  the  larger  body  of  air  admitted  on 
the  suction  stroke  to  the  vaporizer  chatnl)er  through  the  valve  L, 
passes  on  to  the  cylinder.  The  vaporizer  chamber t  Fig.  8-16j  is 
heated  by  the  exhaust  gases  passing  through  the  jacket  space  C, 
tbus  vaporizing  the  oil  spray  in  its  passage.  On  starting,  the 
vaporizer  chamber  is  heated  by  a  lamp  whose  hot  gases  pass 
through  the  jacket  spaces  d.  The  governor,  by  regulating  the 
position  of  the  plug  valve  H,  regulates  at  the  same  time  both  the 
oil  and  the  air  supply  to  the  vaporizer. 

A  crude  oil  vaporizer  quite  extensively  used  on  the  Pacific 
eoast  is  the  *' Economist"  retort,  Fig,  8-16.     This  consists  of 


Fio.  8-16.  —  "  Ecxjnomist "  Crude  UU  Vaporiser. 

two  concentric  shells  as  shown.  In  the  jacket  space  between 
them  the  engine  exhaust  gases  are  circulated  to  furnish  the  heat 
for  vaporization.  The  inner  drum  is  slowly  rotated  upon  its  axis, 
Bs  shown  by  the  gearing  at  the  right,  and  it  is  furnished  on  the 
interior  with  a  continuous  spiral  rib.  The  crude  oil  is  admitted 
through  the  central  pipe  at  the  left.  By  the  rotation  of  the 
drum  it  is  carried  up  the  sides,  turned  over  and  over,  thus 
exposing  a  thin  sheet  all  the  time  to  the  action  of  the  heat, 
which  Is  most  favorable  for  complete  vaporization.  At  the  same 
time,  owing  to  the  action  of  the  spiral  rib,  the  oil  is  slowly  carried 
forward  through  the  drum.  The  residue  is  finally  discharged 
through  an  outlet  at  the  right,  in  a  manner  not  clearly  shown* 
The  makers  claim  that  during  the  progress  of  the  oil  through 
the  drum  the  temperature  is  maintained  just  high  enough  to 
get  all  the  gas  from  the  oil.  The  method  of  regulation  by  this 
device  is  not  clearly  stated*     If  it  is  done  by  regulating  the  oil 
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supply  to  the  retort  according  to  the  load,  there  would  be  con* 
sltlerable  lag  in  the  regulation;  if  ihme  by  reo:uIating  the  air| 
supply  thnrupjh  the  retort  there  would   lie  a  hir^e  vurlation  in 
the  composition  of  the  mixture.    An  auxiliary  air  supply  between 
generator  and  engine  would  help,  but  whether  this  is  used  or  not  J 
is  not  statetl. 

Retorts  as  above  described  arc  made  up  to  from  125  to  150' 
horse-power.     Beyond    this    they    become    unsatisfactory,    and 
other  devices  have  to  be   employed.     The  one   that   seems    to 
promise  best  at  present  is  an  oibgas  generator  of  the  type  of  the 
Lowe. 

The  principle  of  the  l^owe  system  is  to  heat  up  to  a  ver}''  high 
temperature  a  mass  of  firebrick  checker  work  t^ontained  in  a  fire- 
brick-lined steel  shell,  by  means  of  a  crude  oil-air  blast.  When . 
the  desired  temperature  is  reached  the  chimney  connection  to 
the  generator  is  closed  off,  and  crude  oil  and  superheated  steam 
in  an  intimate  mixture  are  sent  down  through  the  highly  heated  ! 
checker  work.  The  result  is  the  f<irniation  of  an  impure  oil 
water  gas  with  a  good  deal  of  lampblack  as  a  by-product.  This 
by-product  may  be  utilised  as  fuel  to  furnish  the  power  necessary 
for  !jh)wing  engines,  etc  around  the  plant.  The  gas  itst»lf  is 
washeil  in  the  ordinary  manner,  and  is  a  high-grade  gas  of  good 
illuminating  power.  The  production  of  this  gas  is  therefore 
carrietl  on  in  the  two  stages,  a  heating-np  period  antl  a  period  of 
make.  From  published  figures  the  efficiency  of  these  oil-gas  pro- 
ducers is  as  yet  not  very  high.  In  the  Journal  of  Eierlrtdtyt 
Po  mr  a n  d  Oft  s ,  Sep i  e m lier ,  I  Ot  1 4 ,  a  con su m  pt  1  on  of  1 1 . 2 2  gal  I o ns 
of  oil  per  HJOO  cul)ic  feet  of  gas  made  is  given  as  the  average 
for  one  plant  for  July,  Other  plants  have  shown  9  and  10  gal- 
lons per  KMjO  cuViic  feet  of  gas  of  about  the  same  heating  value. 
Assuming  the  crude  oil  to  weigh  7  pounds  per  gallon,  its  heating 
value  at  190tM}  B.  T,  U,  per  pound,  and  the  heating  value  of  the 
gas  at  650  B.  T,  W  per  rubic  foot,  the  efficiency  of  generation 
on  cold  gas  would  be  for  the  most  favorable  case  above  given 
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Vaporizinh   Devicrs   for   Alcohol. —  The  alcohol   engine 

has   perhaps   received    its   greatest    development    in    Germany, 
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It  is  for  that  reason  thiit  we  sliall  have  to  turn  to  the  litemture  ot 
that  country  for  the  beist  and  latest  mfurmation  on  tht*  details 
of  alcohol  engines. 

The  following  material  is  a  reprint  from  an  article  pnbhshed 

by  the  writer  on  tlie  alculiul  quest itni  in  Marine  EngineeriftHf 

June,  1906.     The  information  is  mainly  due  to  the  work  of  E. 

lever  and  of  A.  Schottler,  also  to  the  discussion  of  Glildner, 

FDie^eh  and  others.  * 

Regarding  the  formation  of  the  fuel  mixture  with  alcohol,  it 
b  found  that  it  is  less  volatile  than  gasoline,  but  easier  to  handle 
than  ken>3ene.  In  nearly  all  of  tlic  vaporiising  devices  for  alcohol 
now  on  the  market,  the  agency  of  heat,  usually  the  exhaust  heat 
of  the  waste  gases,  is  used  to  aid  in  tlxe  formation  of  the  mixture. 
This  scheme  hiis  the  drawback  that  no  heat  is  availalile  at  tlie  start 
when  the  engine  is  cold.  To  avoid  an  o|>en  flame  for  the  imvpose 
of  hciiting  the  vapi>rizer  at  the  start,  which  is  both  dangerous 
and  cumbersome*  tlie  engines  in  most  cases  are  started  witJi  gaso- 
line»  and  when,  after  a  few  strokes,  enough  heat  is  available^  the 
change  is  usually  made  by  tlirowing  over  a  single  lever.  In 
t^ts  of  ten  dilTerent  engines  made  by  Meyerj  it  was  shown  that 
this  change  to  alcohol  could  be  made  in  the  slowest  case  in  6 
minutes  and  40  seconrls,  I  he  time  of  the  fastest  being  55  seconds. 

Based  on  the  manner  of  heating  the  vaporizer,  we  can  dis- 
tinguish the  following  classe-s: 

L   Those  in  wliich  no  heat  is  employed. 

2.  Those  in  which  the  air  is  pre^heated. 

3.  Those  in  which  the  mixture  is  heated  and  superheatefl 
Of  the  first  type  is  the  Deut^,  Figs.  8-17  ami  8-1  fH.     When  the 

engine  is  regulated  by  the  throttling  method^  and  not  by  the 
hit-and-miss  system,  it  has  be<Jn  found  that  no  pre- heating  of 
air  or  fuel  mixture  is  re(|uired.  The  reason  for  this  is  un- 
doubtedly that  in  a  Int-and-miss  engine,  under  less  than  normal 
Inad,  a  succession  of  misses  cools  the  cylinder  down  so  far  as  to 
throw  down  some  of  the  aleolH^l  vapor  on  the  next  explosion, 
unless  it  is  super hcutexL  Tfic  Deutz  engine  is  governed  by 
throttling.    The  inlet  valve  /  is  actuated,  through  the  levers 

•  K  Mever,  Zeitschnft  J.  V.  d,  T..  ]903.  p*^^»t  -513,  tKJO,  mi,  669;  R. 
Schcittlt?r.  Zeit^rhrift  tl  \\  d.  L,  1902,  jwige**,  1157,  1223;  H.  C.ialdner.  Z«it- 
e^'hrift  d.  V.  d.  I.,  1902,  page  623;  Dicaet,  Zeit^chrift  d.  V-  d.  L,  1903,  page 
131)6. 


198 


INTERNAL  COMBUSTION  ENGINES 


a 


Fia,  8-3  7.  —  Deutz  Alcohol 
Vaporiser, 


shown,  by  the  cam   a,  which  is  of  taper  form  and  under  the 

control  of    the  governor  Fig,  S-17,     Upon   the  position  of    a 

depends  the  lengt  h  of  time  the  valve 
/  is  open.  Through  the  bell  crank 
c  d  e  the  cam  also  acts  upon  the 
plunger  of  the  fuel  pump  k,  operat- 
ing in  such  a  %vay  as  to  cause  suction 
during  the  first  part  of  the  cam 
movement,  and  pumping  of  the 
liquid  during  the  second.  Thus  the 
fuel  is  injected  during  the  second 
half  of  the  suction  stroke  onlVt  insur- 
ing a  rich  mixture  around  t  he  igniter, 

The    alcohol    is    forced  through    the    sprayer   or    atomizer   t. 

Fig.  8-18^  into  the  current  of  air  which  enters    through   the 

valve  k.   Thus  no  pre-heating  what- 
ever IS  done,  but  the  atomizing  is 

thorough;  and    the    ports    into  the 

cylinder  are  as  direct  and  shorts  as 

possible,  hence  no  vapor  is  thrown 

down. 

The  Alt  man  vaporizer,  Fig.  S-10, 

is  of  the  second  class.     The  air  pipe  ^ 

a — h  is  surrounded  at  its  lower  end  f—^ 

by  the  exhaust  pipe;  the  air  is  thus 

pre-heated    by   the    exhaust    gases. 

A   reguhiting  valve    for   the    air  is 

placed  at  e.     This,  when  drawn  up- 

w^ard,  decreases   the   amount  of  air 

passing,  but  always   makes  the  7ur 

current  strike  through  the  upper  part     Fio. 

of  the  pipe,  in  this  manner  directing 

it  always   against    the    fuel    nozzle 


8-18,—  Deutz  Alcohol 
Vaporiser, 


d.  The  inlet  valve  c  is 
operated  by  the  lever  f,  actuated  by  the  cam  Ij  through  the 
pendulum  hit-and-miss  governor  o  m  p.  This  valve  lever  /  at  the 
same  time  opens  the  fuel  valve  d,  through  the  reach  md  shown  and 
the  finger  //,  i,  Fig.  8-21.  How  this  is  done  is  shown  in  Fig.  S-20. 
The  lever  /,  on  being  depressed,  forces  down  the  point  of  the  screw 
ftp  thereby  turning  the  reach  rod  about  its  axis,  which  depresses 
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by  the  sleeve  k.  The  aniouat  of  air  passing  outside  is  regulated 
by  the  openings  n  n  which  are  controlled  by  the  lever  L  The  air 
currents  passing  upward  carry  along  with  them  some  of  tlie  liquid, 
the  mixture  being  hesited  by  the  exlmust  gases  in  a,  Tlie  per- 
forated plate  0  tenda  to  aid  in  forming  a  unih^rm  mixture. 

The  vaporizer  of  the  Dresdener  Gasmotorenfabrik  is  sliown  in 
Figs.  8-23  and  S-24.  In  this  case  the  warm  cooling  water  of  the 
engine  in  used  for  heating*  It  enters  the  water  space  at  x,  Fig. 
8-24.  On  very  cold  daya  the  vaporization  may  be  assisted  at 
the  start  by  pouring  some  hot  water  into  tlie  funnel  a.  Air  enters 
at  I/,  8^23.  The  inlet  valve  b  is  automatic.  It  may  be  pushed 
down  at  wiJl  at  the  start,  by  pressing  down  on  the  projecting  stem 
c.  The  downward  movement  of  the  inict  wave  opens  the  fuel 
valve  df  to  which  alcohol  is  furnished  tlirough  tlie  needle  valve 
e.  Fig-  8-24.  Through  a  number  of  line  openings  the  fuel  flows 
into  the  current  of  air  and  is  carried  along  with  it,  the  thorough 
mixing  being  assisted  by  the  current 
striking  the  cone  g^  As  will  be  seen 
from  the  drawhig,  the  heating  of  tiie 
charge  cannot  be  very  high.  In  the 
lirst  place  only  the  comparatively  cool 
jacket  water  of  the  engine  is  used, 
and  secondly  the  mixture  itself  is  nut 
in  the  heated  chamber  for  any  length, 
of  time. 

In  contradrstinction  to  the  Dresden 
vaporizer,  the  Durr^  Fig,  8-25,  pro- 
duces a  liighly  heated  mixture.  Air 
enters  at  x  and  its  amount  m  regu- 
lated by  the  throttle  valve  a.  The 
inlet  valve  b  is  automatic.  Alcoliol 
IB  supplied  througli  the  needle  valve 
t,  lis  ghown.  so  that  when  b  is  closed 
110  flow  of  alcohol  takes  place*  The 
current  of  air  charged  with  alcohol 
particles  passes  down  thnmgh  d,  up 
the  nun  Ilia  r  space  t%  and  out  at  y  to 

the  cylinder.  The  exhaust  leases  enter 

-  1    I  #    I     m         1   .        FifJ-  ^-25.  —  DUrr  Alcobol 

at  z,  and  by  means  of  baffle   plates  Vaporiser 
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are  made  to  take  the  course  shown  by  the  arrows,  through  the  spa 
/,  FurtheFp  the  space  e  is  filled  with  a  large  number  of  metal 
spirals,  which  connect  the  outside  wall  of  €  with  its  inside  wall, 
thus  furnishing  a  large  heated  surface  to  the  passage  of  the  charge, 
and  facilitiiting  the  transfer  of  heat  from  the  space  /  to  the 
space  d.  Every  possible  way  is  therefore  made  iise  of  to  apply 
the  heat  of  the  exhaust  gases,  and  this  vafwrizer  therefore  fur- 
nishes a  mixture  more  highly  superheated  than  that  of  the 
others. 


u 


zs^^^^z 


m/r/zm- 


Fia.  S-26.  ^  Gasoline- Alcohol  Vaporiser* 

Finally,  Fig.  8-26  shows  what  may  be  called  a  double 
carbureter,  which  is  the  Torm  that  alcohol  vaporizers  are  Hkely 
to  take.  This  is  used  on  the  Marienfeldc  machines.  Assume 
that  the  chamber  a  is  used  for  gasoline,  6  for  alcohol,  The  needle 
8upply  valves  can  be  held  closed  by  the  springs  t  and  d,  as  shown. 

On  starting  with  gasoline >  the  chamber  ti  is  used,  Spring  c 
is  pushed  asitle  so  that  fuel  can  enter »  being  kept  at  constant 
level  by  the  float*  The  valve  (/  is  so  set  that  the  path  is  open  for 
the  air  from  h  past  the  gasoline  nozzle  e,  through  q  into  the 
cylinder.  At  every  suction  stroke  the  in-rushmg  air  is  then 
charged  with  gasoline  issuing  in  a  small  jet  from  e.  If  it  is  de- 
iired  to  change  to  alcohol,  spring  c  is  pushed  into  place,  spring  d 
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is  pushed  aside,  and  valve  g  is  thrown  over  into  the  position 
shown  in  Fig,  10,  all  the  work  of  a  moment.  The  air  supply  to 
this  vaporizer  is  pre-heated. 

It  is  quite  evident  from  an  examination  of  the  vaporizer  above 
described  that  the  final  temperature  of  the  mixture  is  very  differ- 
ent in  the  different  devices.  Upon  this  temperature,  however,  de- 
pends in  a  great  measure  the  only  other  point  of  difiference  bet%veen 
gasoline  and  alcohol  engineSi  i>*,  the  amount  of  eomprasaion. 
All  other  things  being  the  same,  that  fuel  mixture  entering  the 
cylinder  at  the  highest  temperature  will  soonest  giv*e  rise  to  pre- 
i^ition,  or  at  least  to  pounding,  under  an  increase  in  compression. 
High  temperature  of  charge  also  effects  engine  capacity  unfavor- 
ably. It  therefore  becomes  important  to  determine  approxi- 
mately the  louDest  practical  temperature  of  vaporization  ^  and  the 
heat   necessary. 

Of  course  the  amount  of  heat  required  depends  upon  the 
amount  of  alcohol  (and  its  purity)  per  pound  or  cubic  foot  of 
air  Assuming  that  90  volume-per  cetit  alcohol  is  used,  the 
theoretical  amount  of  air  required  for  perfect  combustion  is  7.8  - 
pounds*  Assuming  that  an  exca'sa  of  50  per  cent  of  air  is  used, 
which  is  a  desiralile  allowance,  I  pound  of  90  per  cent  alcohol 
would  require  in  round  numbers  IL7  pounds  of  air.  With  the 
air  toniperature  at  60  degrees  Fahrenheit,  and  the  atmospheric 
pressure  14.7  pounds  per  square  inch*  this  amounts  to  0,0065 
pound  of  90  per  cent  alcohol  per  cubic  foot  of  dry  air* 

90  (volume)  per  cent  alcohol  is  equivalent  to  87*7  (weight) 
per  cent,  so  that  I  pound  of  air  will  carry,  according  to  the  above 
assumed  ratio  of  mixture, 

0*877  X  jj^  =  0.075  pound  of  absolute  alcohol, 


and  0J23  X  ^t-j  =  ^^^*^  pound  of  water. 

To  compute  the  air  temperature  required  so  that  it  may  take 
up  the  alx)ve  quantities  of  alcohol  and  water  vapor,  we  must 
know  the  relation  between  the  temperature  and  the  degree 
of  saturation*  Meyer  in  his  computations  used  the  data 
contained  in  the  Physikalisch-Chemische  Tabellen  of  Landoldt  & 
Bomstein. 
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i^dmiri 


I  ID  tfttufated 


Mk'. 


Witter 
V*por 


H  JM 

0  051 

0911 

0.084 

o,ii6 

0.117 

OCtt 

0,1«2 

ojm 

0  227 

o.ois 

0.450 

0,135 

1  002 

0.009 
0  0L1 
0  OlS 
0  025 
0  Am* 
0  072 
0.161 


For  oar  pmpoBt  ll*  %wes  ol  Ibe  table  b&ve  been  t  rmmpoeed 

b  tte  onSsttfy  casr  iIk  mir  tfamvn  into  the  vmponier  m  not 
dry*  but  c«iotAa»  m  ccttMi  quanlily  of  waier.  A3siiine  thai  the 
IMT  B  ml  m  lempermtiife  of  SB  ^g^nm&  mod  just  satiimted.  At  a 
[■Ilium  of  2S.0&  iaciiei  of  luetttUffT  this  wottU  rortispood  to 
0.013  pound  of  wmlor  per  pound  of  «ir  tit  ita  iaitia]  conditioa. 
Now  in  the  cmse  of  the  aveoi^  mUtttre  above  eoiiipated,  the  tern- 
pentuie  of  irmpanutioa  must  be  hisb  eooufh  to  vaporize  tm 
additioiial  OuOlO  pound  of  wmtcr,  oiAkiQg  ibe  imtA  0,023  pound 
that  the  air  mnt  fwilain  per  pound,  ll  ii  men  fmm  the  ubie 
thai  a  lesnpenltiie  of  77  degit«i  m  qiute  siiffieieiit  to  do  this. 
It  Is  also  aeen  that  al  thk  tefiip^mtaie  the  atr  may  take  up  0.162 
pound  of  afasoliite  aleobol,  while  the  quantity  in  the  abtn-e  ifiixttir^^ 
ii  otdy  0.075  porand  per  pound  of  mixiitre.  At  a  tempera- 
tme  of  77  dc|trees  the  mirtuie  ready  for  ibe  ryfinder  may  thej^ 
loce  roQtaiti  the  alcohol  vapor  in  a  stale  of  aome  supertieat.  If 
theiefoffe  the  lemperatme  of  the  «^IIs  mth  whkh  the  mixture 
eomcs  in  ecMitact  is  not  less  than  77  dtsgiees*  no  fear  of  eondenga- 
tjoo  irf  akolKil  inapor  need  be  entertained.  In  thia  cotinertion 
a  i^Atemrnt  m  the  EHfim^mm^  fU€9td  m  of  mtefosl.  It  is  tl 
ehiimed  that  the  n^o^umptioii  of  aleohol  with  the  jacket  wi 
laaTtai^  at  GO  deeire^  Fahreitheit  b  100  per  cent  higher  than  with 
jadiet  water  lea%ii^   near  212  degree;   ue«,  with  coottng 
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"vapciriiation.    In  the  light  of  the  above  facts,  some  such  increase 
ill  the  cun.su  nipt  ion  is  quite  possible. 

In  order  to  convert  the  liquid  alcohol  into  vapor,  a  certain 
quantity  of  heat  is  retiuired.  Accijrding  to  Regnault,  this  amount 
1%,  for  the  various  temperatures*  given,  and  computed  above  32 
degrees  Fahrenheit,  as  folio wb: 


At  32°  F 

68^  F 

122°  F 

212°  F 


425  J  B.  T.  U.  per  pound 
453.6  B.  T,  U.  per  pound 
475.2  B.  T.  IL  per  pound 
48 Li  B.  T.  iK  per  pound 


Bpecifie  heat  of  liquid  alcohol  is  close  to  0.6,  so  that  in 
Jer  to  convert  the  quantity  of  00  vohime-per  cent  alcohol  con- 
taineil  in  the  assumed  mixture  to  alcohol  vapor  at  77  degrees 
Fahrenheit  would  require  approximately,  ai^sumlng  the  liquid 
alcohol  at  60  degrees  Fahrenheit,  0.075  X  [45S  -  (28  X  0.6))  + 
[aOin  X  1100]  -  44.1  B,  T.  U,,  where  1100  B.  T.  U.  is  aHsumed 
m  the  heat  of  vaporization  of  water  under  the  existing  conditions. 
Now  the  heating  value  of  00  volume- per  c^ent  alcohol  ha^?  hern 
shown  Lo  be  10(J80  B,  T,  V.  per  pound,  so  that  tlie  heating  value 
on  one  pound  of  our  assume<l  mixture  will  be  0.075  X  10080  — 

44  1 

756  R.  T.  U*     The  heat  of  vaporization  required  is  therefore  ~- 

=  5*8  per  cent  of  the  heating  value  of  the  fuel.  It  can  be  shown 
that  the  amount  of  heat  is  easily  nbtainalile  from  the  exhaust 
gases.  It  can  also  1m*  shown  that  the  [irohlem  may  be  soJvetJ  by 
pre^heating  the  air  only,  for,  assuming  that  the  specific  heat  of 
air  at  constant  pressure  is  0.23S,  we  would  have  to  pre-heat  the 


77  -=  262  degrees  Fahren- 


44  1 
air  for  the  assumed  mixture  to      '    + 

heit,  which  is  easily  possible. 

If,  on  the  other  hand,  not  the  air  but  the  mixture  is  heated, 
Ihen  the  walls  need  to  have  a  temperature  only  sufficiently  higher 
than  77  degrees  to  transfer  the  required  amount  of  heat  for  vajxiri- 
zation  to  the  mixture  in  the  time  available.  To  furnish  more 
.  heat  than  this  is  harmful,  if  anything,  for  it  affects  unfavorably 
iKjfh  the  p4>flHJble  degreo  of  compression  and  the  capacity  of  the 
machine.  The  cooler  the  mixture  after  formatitm  and  vaporiza- 
tion, the  better 


CHAPTER  DC 


GAS-ENGINE   FUELS!   GAS  J'UELS 


Outside  of  producer  gas,  which  has  been  treated  in  a  previous 
ehapter,  the  gases  used  for  gas  engine  fuel  are:         '  ^M 

L   Illummating    gas»    2.  Oil    gas.     3.  Coke    oven   gas.     4.  ^a 
Blast   furnace  g^xs.     5,  Acetylene.     6.  Water  gas.     7.  Natural      i 


I,  Illumiiiating  Gas.  —  Illuminating  gas  is  made  by"  db- 
tilling  bituminous  coal  in  retorts.  From  100  pounds  of  average 
coal  are  obtained  about  850-1000  cu.  ft.  of  cooled  gas,  50-70  lb* 
of  coke,  4.2-5-4.75  lb.  of  tar,  and  S-tO  lb.  of  ammonia  liquor. 
Each  100  pounds  of  coal  also  reqidre  about  20  pounds  of  coke 
for  the  heating  of  the  retort.  I 

The  comjx)sitiQn  of  the  gas  varies  constantly  somewhat  even 
in  the  same  plant.  The  average  composition  is  about  45^.S  per 
cent  by  volume  of  hydrogen,  35-38  per  cent  CH^,  5-8  per  cent  CO, 
and  the  rest  heavy  hydrocarbons,  oxygen,  nitrogen,  and  carbon 
dioxide.  The  gas  owes  its  illuminating  power  to  the  heavy 
hydrocarbons  it  contains.  Its  heating  value,  however,  is  not 
proportional  to  its  candle  power.  To  determine  the  heating 
value  the  best  way  is  to  use  a  calorimeter.  It  may,  however, 
with  sufficient  accuracy  be  computed  from  the  analysis  of  the 
gas.  Varying  somewhat  in  this  same  loeality,  the  average  lower' 
heating  value  is  probably  not  far  from  600  l\.  T.  U,  per  cubic  foot. 
Its  density  averages  about  *4,  air  being  1.0.  its  average  weight 
per  cubic  foot,  therefore,  being  not  far  from  .032  lb. 

The  following  table  show^s  a  few  typical  analyses  of  illumltiat- 
ing  gas.* 

*  Mostly  from  Poole,  the  Culorific  Power  of  Fueia. 
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CH4 


COa 


CO 


B.T.U. 
Lower 


Hewton,  Maaa, 
Cbvelaiid  . . .  ^ 

Bostoa. , 

CincinaAti    . ,. , 

Qksgdw  ...... 

Liverpool  ,  - , . 
Hanover  . . , . , 
Paris 


50,59 
34.S0 
47.49 
45.85 
40.23 
3948 
36.44 
46,27 
50.10 


34,80 
28.80 
38.67 
39.26 
39.00 
40.26 
44.28 
37.56 
33.10 


.40 


,50 


Average. ...,....,  .|  43.44  1  37.30 


6.49  1  1.00  I    6.68 


.32    5.77      686 


2*  Oil  Gas.  —  Oil  gas  i*?  made  by  vajwrizing  a  ad  superheat* 
ing  crude  oils.  It  may  lae  made  Ijy  vaporising  these  oils  ia  retorts 
whieh  are  externally  heated  *  as  in  the  case  of  the  Pintsch  method, 
or  the  manufat^ture  may  be  carried  on  as  in  the  I^otie  process,  in 
which,  as  previously  describcHd,  the  generator  Ls  first  internally 
heated  by  burning  crude  oil,  the  oil  to  be  gasifieti  being  then  sent 
into  the  heated  chamber  together  with  steam  under  exclusion  of 
air. 

Pintsch  gas,  much  used  for  railway  car  illumination,  contains, 
acconling  to  Giildner,* 

17.4  per  cent  C,H^,  58.3  per  cent  CH^,  and  24.3  per  cent  H  by 
volume. 

Another  gas  obtainetl  from  a  by-product  paraffin  oil  showed 
the  following  compiisition  by  volume: 

28.9  per  cent  C^H,,  54.9  per  cent  CH^,  5.6  per  cent  H,  8.9  per 
cent  CO.  and  9  per  cent  COa, 

Oil  ga^  as  made  by  the  Lowe  process  Is  a  water  gas ;  the  com- 
position will  therefore  show  much  more  H  than  is  indicated  in  the 

)ve  analysis  of  Fintsch  gas. 

Wyer  f  in  his  Gas  Prorfut'er  gives  the  following  figures: 

32  per  cent  H,  48  per  cent  CH^,  16  i  per  cent  C^H^,  3  per  cent 
N,  .5  per  cent  O. 

*  Values  evidently  too  hi^h. 

•rjiildner,  Eiitwerfen  und  Berechnen  der  VerbrennUDgHtaot-oren. 

t  Wyer,  Producer  Gas  and  Gas  Produt^ra. 
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Giildner  estimates  that  the  yield  of  gas  from  1  pound  of  oiJ  in 
the  Piutsch  prouesiii  its  fnjiii  7-10  cu.  ft*  of  cooled  ga^^  alxjiit  ,75 
lb,  of  coke  Ijeuig  usetl  in  the  same  tiine  for  he-uthig.  TliLs  amounts] 
to  about  100  lb.  of  oil  or  about  14  gallons  of  oil  |ier  1000  cu.  ft, 
of  gas,  in  the  most  favonil)le  case,  as  against  0-H)  gallons  per  KMXI 
ciu  ft,  in  the  Lowe  process.  The  heat  tng  value  per  enbie  foot  of  the 
Pintsch  gas,  however,  is  higher  than  that  of  tliu  Lowe  in  the  ratio 

of  about  "  _  ,  so  that  on  the  basis  of  thermal  efficiency  the  twc 
650 

methotls  of  making  oil  gas  are  probably  not  ver^.^  fnr  apart,  with^ 

the  chancer  in  favor  of  the  Lowe  system  on  account  v(  the  coke 

used  for  heating  in  the  other  system >  w^hich  niust>  of  course,  be 

considered  in  making  thernud  calculations. 

3.  Coke  Oven  Gas.  —  Coke  oven  gas  when  made  in  the  old 
type  Bee-hive  oven  h  fundamentally  the  same  as  illiiminatiiigj 
gas.     Compare  the  following  analysis  given  by  Wycr  of  a  sample] 
of  this  gas  with  the  average  analysis  given  for  illuminating  gas] 
on  jmge  208, 

H,  50.0  \>QT  cent ;  CH^,  36.0  per  cent ;  £^ll^,  A  per  cent;  N\  2  per 
cent ;  CO,  6  per  cent ;  O,  5  ix?r  cent;  CO3,  L5  jM?r  cent. 

When  made  in  modern  by-prmiuct  ovens,  however,  tlie  gusl 
yield  is  sometimes  divided  and  that  part>  of  the  gas  used  for  fuel 
has  a  so  mew  h  a  t  il  i  fFerent  c  o  m  jxisit  io  n .     F  rom  a  d  ia  gni  m  pu  b1  is  1  icd 
by  the  United  Coke  and  Gas  Company  of  New  York  *  it  ajJiieani] 
that  the  gas  evolved  during  the  cf>king  of  the  chaise  in  a  retort  is 
divided  into  two  jmrts.    The  entire  coking  jx^riod  covers  nearly  25' 
hours.     The  gas  evolved  during  approximately  the  first  ten  houi§, 
called  the  surplus  or  rich  gas,  is  separated  from  that  made  durbg 
the  rest  ivf  tiie  period,  called  fuel  gas.     The  surplus  gas  is  Ijigh  in 
illuminating    powder   and    in    heating   value,   approximately  720 
B.  T.  U.  per  cubic  foot.     The  fuel  gas  has  an  average  heating  value 
of  about  560  K,  T,  U,  i>er  cubic  foot.     The  figures  quoted  arc  for  a 
medium  volatile  coal.    The  ricli  gas  from  a  ton  of  this  coal  in  aaj 
actual  ease  amounted  to  43<K)  cubic  feet,  which  w*as  4G  per  cent 
of  the  total  yield  per  ton,  tliis  jxirt  of  the  gas  carrying  52  fier  cent] 
of  the  total  heat  value  of  the  gas.     A  ton  of  this  coal  therefom| 
yields  about  0400  cu.  ft.  of  gas, 

Tlie  same   treatise  above    quoted    gives    the   following  ga»j 
*  The  Unit^  Otto  System  of  By-product  Coke  Ovens. 
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analysts   for  a  coal  carrj^ing    from    30-32  per  cent  of  volatile 
matter: 


fliumin&tiiiK 
ar  Et&h  Oa« 


Fuel  Gas 


B,  T.  U,  per  cu.  ft.  higher  value  . 


1(XX0 
73*>.3 


IflO.O 
551.3 


Where  no  illuminating  gases  are  de^iretl  the  entire  ga8  yield 
is  recovered  together.  The  gas  Is  excellent  for  power  piir[)4.)se3 
except  for  the  somewhat  high  percentages  of  H  which  render  the 
fuel  mixtures  liable  to  pre-ignition  under  high  compression  in  the 
cylinder, 

4.  Blast  Furnace  Gas,  —  The  blast  furnace  m  reiilly  a  large 
^an  generator,  with  tlie  rlifTerence  tluit  to  tlie  charge  of  fuel  is 
added  the  bunlen  of  ore  and  of  finx,  and  that  the  l)last  is  air  alone 
without  admixture  of  steam.  Owing  to  the  calcination  of  the 
flux,  which  in  limestone  onlinarily,  and  to  the  fact  that  nosteum 
13  iisetlt  tlie  gas  is  high  in  V(\  and  contains  little  H,  the  main 
eombtifttilile  l>eing  (*0.  This  gas  had  been  xised  a  long  time  in 
hot  blast  stnv(^  for  blast  heating  and  under  boilers  to  prtHluce 
stwim  for  power  purposes  around  the  works.  It  was  Thwaite  in 
England  and  Liirman  in  Germany  who  about  twenty  years  ago 
cal]e<l  atte*ntion  to  the  fact  that  this  gus,  although  low^  in  heating 
vabu%  eonld  l>e  readily  burnetl  in  gas  engines  when  suitaljly  com- 
fm*s8H*d,  The  credit  of  having  carried  out  this  idea  fir^t  on  a  large 
^calc  behvngs  to  the  Siici^ti^  Cockerili  of  Heraing,  Belgium,  who 
aljout  181*8  put  a  IfjQ  horse~ix>wer  engine  using  this  gaa  into 
tv[M?mtion* 

It  m  Gfitimated  roughly  that  for  every  ton  of  pig  iron  produced 
one  ton  of  coke  is  required,  the  condnistion  resulting  in  abtvut 
h  torn*  of  gas.  Taking  a  furnace^  therefoie,  with  an  average  daily 
(Opacity  of  200  tons  of  pig  iron,  the  gas  available  per  hour  amounts 


210 


INTERNAL  COMBUSTION  ENGINES 


to  about  41.6  tons  or  1,000,000  cu.  ft.  Estiniatbg  that  500,000 
cubic  feet  are  necessary  for  the  operation  of  the  hot  blast  stoves, 
this  leaves  500,000  cu.  ft.  available,  which  if  directly  used  in  gas 
engines  would  develop  about  5000  L  H.  I\  Of  this  amount  1000- 
1200  horse-power  are  probably  required  for  power  purposes 
around  the  furnace,  leaving  from  3800^000  horse^power  avalJ- 
able  for  other  work.  The  same  amount  of  gas, if  used  under  boilersg, 
would  have  resulted  in  only  about  1200  boiler  horse-power, 
perhaps  about  2400  horse-power  total  in  gteam  engines,  leaving" 
1200  horse*power  available  for  other  purposes. 

The  composition  and  heating  value  of  blast  furnace  gas  natu"^ 
rally  varies  somewhat  in  different  furnae^,  and  even  in  the  same" 
furnace  under  varyhig  accidental  conditions  of  ojieration.  A  large 
number  of  determinations  led  M,  Witz  *  to  the  conelusion  that 
the  average  heating  value  of  a  standard  cubic  foot  was ,110  B.  T-  U. 
and  that  it  very  rarely  fell  below  95  B»  T,  U*,  or  rose  above  114 

B.  T.  a 

The  average  composition  of  the  gas,  according  to  Ledebur," 
appears  to  be 


The  above  analysis  shows  no  water  vapor,  some  of  which  is^ 
present  in  the  gas  as  it  leaves  the  stack,  and  it  therefore  probablj 
refers  to  cleaned  gas.     It  is  apparent  that  it  is  an  excellent  ga 
for  internal  combustion  engines.     Its  low  content  of  H  makes  il 
suitable  for  high  compressions^  thereby  overcoming  any  obje 
tion   that    may  be  made  regarding  its   low  heating  value  anc! 
difficulty  of  ignition. 

The  mosit  serious  trouble  encounter^  in  the  use  of  blast  fur- 
nace gas  k  the  fact  that  it  carries  more  or  less  dust,  w^hich  renders 
cloning  of  the  gas  imiierative  before  use  in  engines.  It  Is  also 
apt  to  carry  metallic  vapors,  which  do  not,  however,  bet^ofiie 

*Moteur«  iV  Gaz  ct  fl  P^tit>le,  p.  207* 
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harmful  until  after  combustion  in  the  cylinder.  The  amount  of 
impuriti^  carried  depends  altogether  upon  the  kind  of  ore  re- 
duced in  the  furnace.  In  some  eases  it  is  so  Blight  that  the  ordi- 
nary dust  settlei^  combined  with  a  scrubber  of  some  sort  are 
quite  sufficient  to  reduce  the  amount  to  below  the  allowable 
limit.  This  is,  however,  the  exception*  and  the  fact  that  the  gas 
must  be  cleaned,  and  tlio roughly  cleaned,  cannot  be  eniphasizeti 
too  strongly. 

It  is  comparatively  eiisy  to  take  out  the  coatper  dust  carried 
by  the  gas  by  appliances  which  have  long  been  in  use  for  this 
purpose  to  prepare  the  gas  for  stoves  and  boilers.  The  fine  dust, 
however,  causes  more  trouble,  and  spec? in  1  cleaning  apparatus  is 
necessary  to  rethice  the  amount  carried. 

The  ordinary  method  of  procedure  is  to  give  the  gas  a  prelim- 
inary cleaning  l>y  allowing  the  coarse  dust  to  settle.  The  fine 
dust,  together  with  the  water  vajxir  and  the  metallic  vapors,  are 
then  taken  out  by  passing  the  gas  through  washers,  of  which 
there  are  various  forms,  as  spray  towers,  centrifugal  fans,  etc. 
Coke  scrubbers  are  not  satisfactory  on  account  of  clogging 
up  by  the  dust  which  soon  takes  place.  A  dry  scrubber, 
lied  with  sawdust  or  shavings,  is  sometimes  used  to  complete 
the  outfit  of  cleaning  apparatus.  The  amount  of  water  used 
in  the  waehers  varies  with  diflferent  types.  It  may  be  from 
5-50  gallons  per  1000  cu,  ft.  of  gas  cleaned,  depending  upon 
Ihe  efficiency  of  the  apparatus.  The  amount  of  dust 
finally  carried  by  the  gas  should  not  be  liigher  than  about 
,2  grains  per  cubic  foot, 

5,  Acetylene.  —  It  is  only  in  recent  years  that  the  means 
for  making  acetylene  gas  in  any  quantity  were  found.  To-day 
calcium  carbide  is  made  in  quantity  iti  (he  electric  furnace.  The 
gas  is  produced  by  decomposing  this  carbide  by  means  of  water, 
as  per  following  reaction: 

CaC,  +  2  H,0  =.  C3H3  +  CaO  H3O 

The  geoerators  employed  usjually  regulate  the  amount  of  water 
supplied  to  the  carbide  receptacle.  The  gas  Is  led  to  a  holder, 
which  by  the  prjsition  of  its  bell  regulates  the  water  supply.  The 
amount  of  gas  produced  per  pound  of  carbide  should  l>e  theoreti- 
ciilly  5,45  cu*  ft*  of  dry  acetylene  gas.     Owing  to  impurities,  how- 
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ever»  this  is  usually  reduced  to  about  4.8  cu*  ft.     ('ombustion 
this  gas  takes  place  according  to  the  formula 

C,H,  +  50  ^  H,0  +  2COa 

Its  hating  value  is  20673  B.  T.  U,  per  pound,  or  1499  B.  T. 
per  cubic  foot  lower  value. 

The  gas  is  db^tinguished  !>y  low  temperature  of  iguitirm^  lower 
tlian  that  of  H,  approximately  S6^  degrees  Fahrenheit,  high 
velocity  of  flame  propagation  at  the  best  ratio  of  air  to  gas,  about 
12  to  1,  and  high  maximum  temperature  of  explosion  owing  to 
the  high  heating  value.  The  first  of  these,  low4gnition  tempera- 
ture, leada  to  pre-ignition  and  requires  the  use  of  eomparativeljf 
low  compression  pressures. 

6.  Water  Gas,  —  The  t  heory  of  the  production  of  water  ga 
has  been  already  outlined  in  a  previous  chapter.    The  avi 
composition  of  the  gas  may  be  taken  to  approximate  by  volume" 
42  per  cent  CO^  44*5  per  ceM  H^  3.5  per  cent  CO^i  the  rest  lieir 
0  and  N. 

In  medium  sized  well-handlefl  generators  each  pound  nf  coke" 
will  yield  about  32  cu,  ft.  of  gas,  each  ix»und  of  good  anthracite 
coal  from  24-30  cu.  ft.    T)ie  average  lower  heating  value  of  the 
gas  may  l>e  taken  at  200  B.  T.  U.  per  cu.  ft, 

7,  Natural  Gas*  —  Natural  gas  is  found  in  many  parts 
the  world*  It  has,  however,  perhaps  received  the  most  extended 
use  as  a  fuel  for  j>ower  in  the  Unite^l  Rtateii*  It  is  there  ftnmd  in 
New  York ,  Pen  nsy  1  va  n  ia ,  O  h  i  o ,  I  n  d  ia  n  a ,  W  es  t  \'  irg  i  n  ia ,  K  e  n  1 11  c  k  y ^ 
Tennessee,  Colomdo  and  California.  This  gas  is  not  of  const  a  r 
chemical  composition  in  tlie  different  welts,  and  not  constanl" 
even  in  the  same  well,  Man^h  gas^  CH^,  however,  k  nearly  always 
the  main  constituent.  According  to  Poole,  the  Ohio  and  Indiana 
fields  yield  a  gas  of  the  most  constant  co  m  posit  it  m*  The  fcjllaw* 
ing  k  the  comiiosition  at  Findlay,  Ohio,  and  is  typical  of  tlie^ 
field. 


93.35 


.20  per  cent  hy ' 


The    above    composition,    however^    is    sometimes    radically 
changed.     Thus  a  gas  well  near  Pittsburg  changed  the  comj 
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tion  of  the  gas  in  three  months  from  9.64  per  cent  H  to  35.92  per 
cent  H,  mostly  at  the  expense  of  Marsh  gas. 

The  heating  value  of  this  gas  is  high,  the  above  Findlay  gas 
showing  a  lower  heating  value  of  962  B.  T.  U.  per  cubic  foot  as  com- 
puted. It  is  a  good  fuel  for  gas  engines,  as  it  is  cheap  and  not 
very  liable  to  pre-ignition  when  the  hydrogen  is  low.  It  is,  how- 
ever, of  decreasing  importance  on  account  of  the  gradual  failure 
of  the  supply. 

The  following  table,  and  Fig.  9-1,  give  a  recapitulation  of  the 
most  important  data  for  the  fuel  gases  most  often  found  in  gas 
engine  practice.  It  is  to  be  remembered  that  the  figures  given 
represent  appn)ximate  average  results  only,  but  for  rapid  calcula- 
tion they  are  sufficiently  accurate. 

Average  Approximate  Data  for  Fuel  Gases 


No. 


Kind  of  Gaa 


Wt.  per 
cu.  ft. 

Standard 

in 

pounds 


Dennity 
Air-1 

Ixiwer 
Heating 

Value 
percu.  ft. 
B.  T.  U. 

.40 

565 

.55 

950 

.71 

290 

.70 

1000 

.49 

650 

.36 

545 

.93 

135 

.80 

145 

.90 

145 

.98 

100 

Leaat  air 
required  for 
CombuHt  ion 

cu.  ft. 
per  cu.  ft. 


1 
2 
3 
4 
5 
6 
7 
8 
9 
10 


liluniinating  gas   

Natural  gas    

Blue  water  gas 

Oil  gas,  Pintsch 

Oil  gas,  Lowe 

Coke  oven  gas  

Producer  gas  from  coke 

Producer  gas  from  anthracite 
Producer  gas  from  soft  coal . . 
Blast  furnace  gas 


.032 
.045 
.057 
.056 
.040 
.029 
.075 
.065 
.073 
.079 


5.25 
9.10 
2.45 
9.50 
7.75 
5.00 
1.00 
1.15 
1.25 
.70 


CHAPTER  X 


the;   fuel   mixture,    EXPLOSIBrLITY,    PRESSURE,   TEMPERATURE 

I,  Explosibltlty,  —  When  we  mix  a  combustible  gas  or 
vapor  with  air  there  result  explosive  mixtures  if  certain  ratios 
of  air  to  gas  are  used  in  each  case.  For  each  of  these  various 
mixtures  the  produfts  of  combustion  attain  certain  pressures 
and  temperatures  under  the  same  conditions.  It  is  rUo  found 
that  the  time  interval  between  ignition  and  attainment  of  highest 
pressure  varies  with  the  ratio  of  mixing,  i.e.,  that  the  velocity  of 
flame  propagation  differs. 

That  mixture  in  which  just  enough  oxygen  is  pr^ent  to  com- 
plete tlie  combustion  of  the  charge  of  gas  or  of  vapir  shoves  the 
highest  explosive  pr^sures  and  temperatures,  and  also  very 
n ea riy  t  h e  h ig best  veloc it y  o f  fla me  p ro pagat  ion.  Q u eer , a nd  as  yet 
not  explained,  Is  the  fact  that  accortling  to  Clerk  the  highest 
velotnly  of  propagation  is  found  when  the  gas  is  a  little  in  excess 
of  the  theoretical  ratio  in  the  mixture. 

As  the  proportion  of  oxygen  or  of  air  is  decreased  from  or 
increase  beyond  the  theoretical  amount  for  complete  conibus- 
tion,  the  resulting  maximum  pressure  and  tempemture^  are  not 
so  high,  the  explosion  occurs  more  and  more  slowly,  until,  at  the 
outside  limits  of  explosibility,  it  approximates  slow  combustion. 

There  is  therefore  a  range  of  mixtures  for  each  gas  and  vapor 
in  which  range  the  mixture  is  explosive.  When  there  are  con- 
liit. it  u e  11 1  s  prej*e n t  ot !  ler  than  t h ose  resu 1 1 i n g  fro  m  mi x t  u  res  of  gas 
or  vapor  and  air,  such  as  burned  gases^  the  results  are  again  modi- 
fied. 

The  following  table  shows  the  volume  of  air  required  per 
eubic  foot  of  various  gases,  under  standard  conditions,  for  com- 
plete combustion,  i.e,,  for  what  might  be  calletl  the  true  explosive 
mixture.  To  facilitate  computation  to  a  weight  Imsis,  a  column 
giving  the  density  of  the  gases  or  vapors  with  air  =  1  =  0.08072 

215 


216 


INTERNAL  COMBUSTION  ENGINES 


pounds  per  cubic  foot  standard  is  added.     The  table  also  sho^ 
average  heating  values,  and  6nally  the  heating  value  of  their 
explosive  mixture.     It  will  iie  noted  that  the  heiiting  values 
the  mixtures  show  much  less  tUfFerence  than  da  the  giises  iher 
selv^. 


A  V.  lower 

JiPatinK 

VoLr>fAir 

Deasiiy 

Av.  lower 

Viiliie 

for  tTWi 

of  g[lLl 

hpating: 

of  I  rue 

eR|il4wive 

Air=  t 

vitlue 

t!j)c|tto»ive 

iQixiure 

-» .tJ§CJ72 

B?/^. 

miiitiire 

GU.  A. 

Iba. 

B.  T.  U. 

per 

w 

pef 

cu.  ft. 

cu.  U. 

cu.  It. 

CX)    , ...    

2M 
2,35 

11.75 
14.10 

9.00 

,967 
.0(J9 
.554 
.915 
.974 

342 

207 

952 

1499 

i.Tm 

880 

102 

H    ........ 

89 

CH* 

BO 

CH,  ,. 

iia 

C^Hi.,. 

103 

Av.  natumi  gaB  ,,..,..... 

S» 

Av.  iUviminating  gaa 

5.2S 

.40 

500 

90 

Av.  water  Rtia  . . 

2.30 

J2 

290 

87 

Av.  piTxhieer  gas  from  coke  ......... 

1.00 

.93 

135 

m 

Av.  pnxJiicer  gas  from  anthracite  .... 

1.15 

.80 

145 

es 

C^oke-oven  gas  . 

5.00 

.36 

545 

91 

Blast-fumace  gas  ......,,,.,....... 

.70 

.98 

100 

59 

To  give  volume  ratios  for  the  liquid  fuels  is  not  so  easy,  because 
the  volume  of  vapor  obtained  from  a  certain  weight  of  a  Mquid 
fuel  is  not  constant  but  deijends  uix>n  the  ienipemtnre.     Ex  peri* 
meats  along  this  line  are  not  numerous.     Thojse  made  indicate, 
that  for  light  and  medium  heavy  oils  there  is  a  200- fold  increafH 
in  the  origiual  volume  at  ordinary  temperatures,  while  the  in-" 
creai^e  iin  about  4(X)  fold  at  the  ordinary  vaporizer  tern  pern  tu  re. 
It  appears  also  that  for   heavy  oils   a  temperature  exceeding 
H(H)  degrees  h  required  to  anywhere  near  complete  vaporiKatiim, 
This  explains  in  part  the  difficulty  encountere<.l  in  the  use  of  crtide 
oil  in  vaporizers.     With  the  aliove  increase  in  volumes  the  ratio 
of  air  to  nil  vapor  by  volume  probably  is  in  most  cases  between 
25  and  30. 

It  Ls  much  more  usual,  however,  to  calculate  the  air-liqiiid 
fuel  ratios  by  weight.     This  ratio  for  the  petroleum  oils  is  appni: 
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niately  15^  and  for  alcohol  about  9,  for  the  true  explosive  mixture. 
To  get  some  idea  of  the  heating  value  j:)er  cubic  foot  of  the  explo- 
sive mixture  the  volume  added  to  the  air  by  the  vapor  is  some- 
times Delected*  Thk  gives  results  which  are  close  enough  for 
most  purposes*  In  the  following  table,  however,  account  has 
been  taken  of  the  vapor  volume  by  assuming  a  300-fold  increase 
in  the  volume  of  the  liquid  due  to  vaporization: 


^V          LtquklFuel 

WeiKbt  of  ttir 

required 

per  lb, 

of 

fitel 

for  true 

e-tploHive 

mixture 

Ar.  Sp. 
Of. 

at 

H^  -*  1.0 

lower 
benting 
value 
p^rlb. 
of 

ruoi 

B.  T,  U. 

Av«nigB 
lower 

htmtinj; 

value 

per 

cu.  ft, 

of  triie 

e.'cpicNiive 

B.  T.  U» 

HeavTT  f^-  'Pnidu 

A  pproxtm  ately 
15.0  lb. 

13.4 

S.6 
7,8 

.886 

♦826 

.873 

.841 

.80 

.69 

.71 

.86e 

.794 

.815 

19210 
17930 
18320 
18400 
18520 

19000 

17190 
11654 
10080 

99.2 

lijgtit  Pa*  crude 

Beavy  W.  Va.  crude  

Light  \V.  Vtk.  crude  , 

Iveroseuc  ^  ,****,,  * *  *  ► 

92.0 
94.e 
95.0 
95.8 

"1 

97.7 

69* 

IfcQKol,  CflH^i ,,..,, 

Akitbolp  ItXJ  |ier  cent  ,,...., 
Alcohol,  00  per  ixn%   

99.3 

io:i.o 

104.0 

To  make  R^ure  of  romplete  combustion  of  the  charge,  which  is 
one  of  the  primary  objects,  it  is  not  usual,  however,  to  w^ork  with 
the  theiirelir  air  supplies  above  computed,  mamly  because  a 
perfect  mixture  h  hardly  ever  obtained.  An  excesn  of  air  is 
therefore  employed  in  nearly  all  cases.  Thfa  acts  beneficially  in 
seveml  other  ways.  The  maximum  explosion  temperatures  are 
re«liicrHK  and  pre-ignition  is  rendered  less  Ukcly.  Especially  is 
this  o  otic  cable  with  a  gan  carrying  much  hydrogen  or  with  acety- 
lene* The  only  limit  set  to  the  amount  of  excess  air  that  can  be 
u»ed  is  the  limit  of  the  exphisive  range  of  the  particular  gas  or 
vapi>r  But  this  range  b  in  most  cases  so  wide  that  in  practice 
the  limit  is  rarely  reached.  Under  full  load  an  excess  of  air  of 
fmm  30-^0  per  cent  is  uaual,  and  for  the  rich  mixtures  even  more 
omy  be  UBed.    This  excess  decreases  the  heating  value  of  the 
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mixture  •'crr^ponrliniriv  bei«>^  thc-ge  computed  above  for  the 

The  izir.Tinr  '-.(  ex:*»?<«  air  anv  jiven  zaa  can  cany  and  still 
fonr.  a:i  rxr,i«  si.e  ^lircrire  varies  -xitr.  the  kind  of  ea^.  Experi- 
menr.'  imve  y/tftr.  ziiuie  :ii:«r  r.iLly  -jn  pure  sas-air  mixtures*  under 
orilrjiTT  -'t-r.-ii-j-ci  •::  pres.'?ure  anii  or  rem  pent  ure.  but  also  on 
rr.:x*:r»rs  -o  wlifii  hrL.i  'i^en  a«i«ieii  inerr  sa^ej?.  as  CO2.  to  test  the 
errant  h»:meii  za-res  x-  f:l«i  have  T:-ii>n  a  fresh  charge.  The  follow- 
ir^r  rahie  ^b:':^^  the  upwr  and  I«jwer  Limits  of  explosibility  for 
5«:me  01  the  n.'-st  ■?i:-rr.rr.''n.  za.*es.  together  with  the  theoretical 
ratio.  I"  is  hanily  ne'es.-iarj-  to  r-oint  out  that  the  real  lower 
limit  •::  -  peration.  as  far  as  eci.^noziv  is  concerned,  is  the  theoreti- 
cal ratio: 


Voi-ira*  of  *;r  per  urL^ 
T.:ium«  of  ja^  f-r 


Upper  expK:^ive  Lmit  -^  I 

Theorer;i:tiI  ratio  'J.-i? 

Lower  exrl'^ive  Ln:  r  .XJ 


H 

C.H, 

CH, 

C*IU 

Are. 

ULSM 

Une 

9»> 

2S.6 

1.5.4 

36.7 

11.7 

40.7 

2.:J.5 

11.7.5 

9.m 

25-30 

5.25 

25-30 

..51 

.91 

6.S1 

i4.as 

4.24 

19.41 

Dr.  Eitner?  results  hiive  l^een  sniphioally  represented  in 
Fis.  U)-l  by  F.  E.  Junse  i-rii  ivihli>he.i  in  Power  for  August.  1906. 
Prom  rhL-i  iliasrani  it  can  ^-e  set^n  at  a  stance  how  much  wider  the 
exjiWtsive  ransre  U  for  some  fuels  than  for  other?.  Thus,  for  in- 
st.'inff.  one  rnhif  f»M>t  oi  nu.\ture  will  l>e  explosive  under  ordinary 
foji'lifioi;*  (li  prf*ssiire  anil  temperature  when  it  contains  any- 
whoff;  U-r  AT-en  lf>  ami  71  {x^r  cent  of  CO.  a  range  of  58  per  cent. 
The  ninL^e  for  illuminating  ga.s  Is  11.2  per  cent,  and  for  gasoline 
rmly  2 J)  per  rent. 

I^etraniinp  tlie  exfwriments  with  admixtures  of  inert  gases, 
if  r;m  Ik;  naid  in  general  that  the  result  is  a  narrowing  of  the  ex- 
f)lr*sive  range,  i.r.,  the  efTeet  Is  harmful.  Raising  the  tempera- 
tures of  mixtures  thus  contaminatetl  has  a  noticeably  beneficial 
ftlTeet  in  the  case  of  hydrogen  and  illuminating  gas  mixtures  only, 
liiigiinling  the  effect  upon  the  explosive  limits  of  increasing  the 
initial  prsHHurc  of  the  mixture,  nothing  definite  is  known. 

Caiix>n  monoxide  and  hydrogen  arc  the  two  most  important 
*  Piofewor  Eitner,  in  the  Journal  fQr  Gaslx^leuchtung,  1902. 
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in  the  hydrogen  content  are  of  great  influence  on  the  speed  of  | 
ignition  or  rather  of  flame  propagation  throughout  the  whole] 
mixture,  and  therefore  on  engine  output  and  consumption. 

**  A  gas  to  be  of  ideal  composition  for  the  engine  builder  must, 
therefore,  not  contain  too  much  hydrogen,  so  as  not  to  make  tlie 
engine  over-i^en?^Jtive  to  premature  explosions,  but  enough  so  as  ] 
to  assist  the  slow  and  after*bnrning  carbon   monoxide,   and  to 
accelerate  flame  propagation  throughout  the  mixture.** 

2.  Pressure  and   Temperature   after  Combustion.  —  It    has 
already   been   mentioned   that   the  pressures  and    temperatures 
realizeil  in  explosive  combustion  are  not  as  high  as  those  cal-| 
eulated  by  the  ortlinary  niethtxl  of  assuming  si^ecific  heat  con- j 
stant.     The  dcterniination  of  the  causes  of  this  phenomenon  has] 
always  been  a  favorite  subject  for  experimentation  with  investiga- 
tors, and  this  is  fully  waminted  by  its  importance  to  the  theory 
of  internal  combustion  engines.     It  will  hardly  be  nec^isary  to 
review  the  earlier  efforts  in  this  field.     For  them  the  reader  jg 
referred  to  the  works  of  Clerk  *,  (Jrover  ft  Robins<m  J,  Witz,§  and 
others.     The  subject  has  already  been  briefly  discussed  in  Chap- 
ter IV  of  this  book  under  the  head  of  "Combustion  and  Expan-J 
sion  strokes/'    The  entire  question  seems  on  analysis  to  narrow' 
down  to  variation  of  specific  heat  leitk  tanpcraturc  and  to  after- 
burnin'g.     Dissociation  as  one  of  the  causes  tending  to  produce 
the  effects  ment  ioned  is  now  regarded  by  most  writers  as  po^ible 
but  improbable. 

The  most  important   work   of  recent   years  along  the  lineal 
under  discussion  has  been  done  by  I^ngen  {|  and  by  Clerk. •?     It 
would  seem  that  these  two  investigations,  combined  with  the 
earlier  one  of  Mallard  and  Le  Chatelier,  should  lead  to  some  fairly 
definite  conclusions.    They  will  therefore  be  reviewed  in  soma. 
greater  detail. 

Langen  in  his  exiieriments  used  a  cast -steel  spherical  vessel, 
about  15 i  inches  in  diameter.     This  was  furnished  with  the  neces^i 

*  Clerk,  The  Citts  and  Oil  l^ngine. 

t  Orover^  Modem  Gas  and  Oil  Engines. 

J  RobmBon,  Gas^  Oil  iuid  Air  Engines. 

§  Wits,  Moteurs  &  Gau  et  k  P^lnvle. 

II  A.  Latigen,  Zeitschrift  d.  V,  d  I.,  Vol.  47,  p.  622, 

T  D,  Clerk,  Proc.  of  the  Royat  Society,  A,  Vol  77,  lOCW* 


THE  FUEL  MIXTURE 


221 


\ 
I 


sary  connections  for  exhaust  pump,  gaa  supply  cylmdera^  indica- 
tor gages,  etc.  The  igniter  reached  to  the  center  of  the  sphere. 
The  vessel  itself  was  surroiintled  by  a  water  hutli  witli  themitmie- 
ten^  at  inlet  and  out  lot,  so  tliat  the  tonipcrature  f>f  tlie  hody  i\i 
gas  in  the  vessel  coiild  be  aceurately  determined.  The  indirator 
was  of  the  ordinary  tyj>e  except  that  the  oscillating  mr^tinn  of 
the  drum  was  changed  to  continuous  motion.  The  details 
of  the  entire  construction  were /very  ingenious.  The  press- 
ing of  a  single  button  suffice^,  by  electrical  means,  to  first 
press  the  pencil  against  the^druni,  and  imme<liately  afterward 
to  fire  the  charge.  It  was  only  nece^ssary  to  bre^ik  the  current 
w^hen  the  decrease  in  pre^ssure,  due  to  cotjling  of  the  burned 
gases,  had  beeonie  so  small  in  two  revolutions  of  the  drum 
that  the  lines  interfered. 

The  methoil  of  test  was  to  exhaust  tlie  vessel  and  then  to  fill 
it  with  air  a  number  of  times  until  it  was  fair  to  assume  that  all 
burned  gases  from  a  previous  explosion  had  teen  replace*b  The 
vessel  was  then  again  exhausted  to  such  a  degree  that,  by  filling 
with  combustible  gas  and  inert,  gases  of  the  kind  desu*e<b  tlie 
vessel  won  Id  I  at  atmospheric  prei^sure,  l3€  filled  with  conibusti1>le 
and  inert,  gases  in  the  proportion  reqiiire<L  After  enough  time 
laid  been  given  for  diffusion  and  the  tliermometer  showed  that 
constant  temperature  had  been  reached,  the  eliarge  was  fired  and 
tfje  dbigram  taken. 

In  order  to  obtain  a  common  basis  for  comparison  with  the 
work  of  previous  ex jierini enters,  I<*angen  recomputed  all  of  his 
results  and  those  of  Bunseu,  Bert  helot  and  Vseille,  and  Mallard 
and  Le  Chatelier,  on  the  assumption  that  the  temiwrature  at  the 
moment  of  explosion  was  0  degrees  Centigrade,  Figs.  10-2  and 
10-3  *  show  graplucally  tlie  result.^  of  all  of  these  experiments, 
tlie  first  f<jrCOT  the  sectKud  for  H  41s  the  fuel  gas.  In  the  diagrams 
i-i,  stands  for  the  ratio  of  explosion  pressure  ol>served  to  the  pres- 
sure befiire  ignition  if  the  temperature  of  the  fuel  mixture  is 
0  degrees  Centigrade  at  the  start,  m  i.s  the  ratio  of  the  volume 
of  inert  gases  compared  with  the  volume  of  fuel  gas»  These  inert 
giises  were  N,  O,  H  or  CO,  or  any  mixtures  of  these  four  as  indi- 
catecJ.  The  results  marked  e  were  obtained  for  air-fuel  ga.s  mix- 
tures, 

*Zeitschrift  d.  V,d,  I..  \m^,  p.  623. 
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Langen^  in  analyzing  the  results  shown  m  the  above  diagrams, 
makes  the  f allow ing  observations: 

L  The  computation  of  explosion  pressures  on  the  assumption 
of  constant  sjiecific  heat  and  complete  combustion  furnishes 
values  which  considerably  exceed  those  actually  observed. 

2.  For  equal  ratios  of  inert  diatomic  gases  to  fuel  gases,  the 
kind  of  inert  gas  used  seems  to  have  no  influence  upon  the  explo- 
sion-pressure, as  far  as  the  mme  observer  is  concerned.  This  would 
to  the  conclusion  that  the  molecular  heats  of  the  so-called 
simple  or  diatomic  gases  are  equal  to  each  other,  at  least  up  to 
4500  degrees  Fa  1 1  re  n  he  it. 

Regarding  the  results  of  his  own  experiments,  Langen  is  of 
the  opinion  that  in  fuel  mixtures  containing  CO,  dissociation  of 
CO  J  sets  in  when  the  temperature  exceeds  1900  degrees  Centigrade 
(3450  d^rees  Fahrenheit),  He  basses  his  opinion  on  the  abnor- 
mal position  of  the  cooling  curve  as  observed  on  the  diagrams 
iakeD  for  such  mixtureR.  And  since  the  amount  of  this  dmocia* 
lion  is  indeterminate^  no  definite  equation  expressing  the  relation 
of  maximum  pressure  to  initial  pressure  can  be  established,  at 
least  for  temperature  exceeding  3400*  For  hydrogen  mixtures, 
on  the  other  hand,  the  cooling  curves  on  the  diagrams  are  always 
QormaL  Hence  the  dissociation  limit  for  steam  does  not  seem 
to  have  been  reached  even  with  the  strongest  mixtures. 

From  that  part  of  !iLs  experiments  for  which  complete  com- 
bustion can  be  assumed,  Langen  derives  equations  for  mean 
molecular  heat  of  diatomic  gasef!i,  and  for  carbon  dioxide  and 
ste^m*  The  tem|>erature  limits  for  the  field  so  covered  are  not 
very  wide,  1500-1700  degrees  Centigrade  (2730-3100  degrees 
Fahrenheit )»  and  further  it  was  assumed  that  the  molecular  heat 
is  a  linear  function  of  the  temperature.  Transposed  to  read  mean 
specific  instead  of  mean  molecular  heats,  these  equations  are  as 
follows: 


For  CO,,  C, 
For  H,0,  C, 
For  N,  C^ 
For  O,      C 


Am  +  .0000591  L 
.328  +  .000119  t 
.171  +  .0000215 «. 
.150  +  -0000188  L 


where  t  is  in  d^rees  Centigrade* 

The  formula  of  Mallard  and  Le  Cha teller  agree  with   the 
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above  as  regards  the  dktoraic  gases,  O  and  N.     For  CO;  and 
HjO  these  observers  obtained  results  which  gave  the  fuUowiDg 

relations; 

For  CO,,  C„  =  .143  +  .U(HMJ834  L 
For  HjO,  C^  =  .312  +  .000182  L 

These  formula  show  a  Home  what  more  rapid  incre^ise  of  C^ 
with  teiTiperiiture  than  do  those  of  Litngeri.  Liuigen  ob^erv^  in 
explanation  of  thb  dbcrepancy  that  MaJlard  and  Le  Chatelier's 
fomiula  for  CO^  is  ubttdneil  from  results  for  which  the  tempera- 
tures were  from  1700  to  2O00  degrees  Centigrade^  and  that  thel 
formula  for  H^O  ia  based  on  experiments  for  which  Ihe  tempera- 
tures were  very  much  higher  than  for  his  experiments.  In  the 
fiirmer  ease  dLssouiation  was  shown  to  be  more  than  likely,  in  the 
latter  the  formula  gives  results  which  do  not  seem  to  apply  very 
closely  for  the  important  temperature  range  between  2250  and 
4000  de^ree^  Fahrenheit,  It  Is  plain ^  therefore,  that  Laogen's 
formula?  promise  greater  accuracy. 

The  second  important  investigation  in  this  field  w^as  made  byl 
Qerk,  and  by  him  reported  to  the  Royal  Society,     His  method  of' 
operation  is  ao  decidedly  different  from  that  of  Langen  and  the 
earlier  experimenters  that  it  becomes  both  interesting  and  im- 
portant to  see  how  far  his  results  agree  with  those  already  men- 
tioned. 

The  method  of  experiment  is  beet  described  in  Clerk's  own ' 
words: 

''  It  consBts  in  subjecting  the  whole  of  the  highly  heated 
products  of  the  combustion  of  a  gaseous  charge  to  alternate  com- 
pression and  expansion  within  the  entire  cylinder  while  cooling 
proceeds,  and  observing  by  the  indicator  the  successive  pressure 
and  temperature-falls   from   revolution   to   revolution,   together 
with  the  tenifjerature  and  pressure  rise  and  fall  due  to  alternate 
compression  and  expansion.     The  engine  Ls  set  to  run  at  any  given  I 
speed,  and  at  the  dosired  moment  after  the  charge  of  gas  and  air 
has  been  drawn  in,  compressed,  and  ignited,  the  exhaust  valve 
and  charge  inlet  valves  are  prevented  from  opening,  so  that  when] 
the  piston  reaches  the  termination  of  its  piiwer  stroke,  the  ex- 
haust gases  are  retained  within  the  cylinder,  and  the  piston  coni-_ 
presses  them  to  the  minimum  volume,  expands  them  again  tc 
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the  maximum  volume,  and  ^o  compresses  and  expands  during 
the  desired  number  of  strokes/' 

To  attempt  to  explain  the  method  of  evaluating  the  expansion 
and  cotnprerision  lines  so  obtained  would  lead  too  far  for  the  scope 
of  thii?  bjok.    The  reader  is  referred  to  the  orijcinal  article.* 

The  engine  operated  with  coal  gas*  Tlie  average  romposition 
of  the  working  fluid,  as  calculate*!  fr<im  the  analysis  of  t!je  gas^ 
was  HjO  (assumed  gaseous),  11,9  per  cent  by  volume;  COj,  5.2 
per  cent ;  O,  7.9  per  cent,  and  N,  7^  per  cent.  The  mixture  as 
actually  used  varied  somewhat  from  this  composition,  but  since 
the  percentage  of  N  is  nearly  constant,  this  variation  can  have  but 
email  effect  upon  any  specific  heat  calculations. 

For  this  mixture,  Mr*  Clerk,  on  the  basis  of  his  experiments, 
found  the  following  mean  specific  heats,  expressed  in  foot  pounds 
per  cubic  foot  of  working  fluid  at  760  mm,  and  D^  C. 


Banse  of  Temperatum 

Menn  flpenific  lif-tii  la  ft,  Ihs. 
per  DU.  rt.   at  TV^}  mm  And  if  C, 

0™    100 

32-  212 

20.3 

^K                0-   200 

32-   392 

20.9 

^H                0-   400 

32-   752 

21.9 

^H               0-  600 

32-1132 

22.§ 

^H               0-  BOO 

32-1472 

23^ 

^H               0-1000 

32-1832 

24^ 

^P                0-1200 

^-2192 

24.6 

0-1400 

32-2*5,12 

2S.0 

0-1500 

32-2732 

25,2 

Now  to  compare  tliese  results  with  those  of  Mallard  and  Le 
Chatelier  and  of  Uin^en,  the  easiest  way  would  be  to  reduce  them 
to  the  ordinary  spcrific  heat  Imsis,  and  then  to  compute  a  series 
of  spcf'ifir  heats  for  the  same  tem]ierature  ranfcea  and  for  the 
same  tuixhjre  as  usetl  liy  (lerk  by  the  aid  of  Mallartl's  and  of 
Langen's  formula*.  This  involves  the  assumption  that  these 
formuhe  luvld  tor  the  lower  temperature  ranges.  The  following 
table  show^  t  lie  figures  so  oJitaineil,  and  Fig,  10-4  gives  a  graphi- 
cal comparison. 

♦  Set  fty>t-oote,  page  221. 
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Meax  Specific  Heat  for  Mixture  contaixtxg  by  Volciie  11.9  % 
H,0,  5.2  fi  COj,  7.9  5^^  O.  and  75  fi  X. 


Tempermtore 

•c 

MaOard 
LeChatclicr 

i^ 

Clerk 

0-    100 

32-  212 

.1805 

.1826 

.1854 

0-  200 

32-  392 

.1M3 

.1858 

.1910 

0-  400 

32-  752 

.1930 

.1922 

.2000 

0-  600 

32-1132 

.2006 

.1985 

.2083 

0-  800    , 

32-1472 

.2083 

.2017 

.2157 

0-1000 

32-1832 

.2161 

.2112 

.2202 

0-1200    ' 

32-2192 

.2238 

.2176 

.2248 

0-1400 

32-2552 

.2315 

.2239 

.2284 

0-1500 

32-2732 

.2355 

.2271 

.2303 
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Fig.  10-4. 


It  is  plain  from  Fig.  10-4  that  the  question  of  the  variation  of 
specific  heat  with  temperature  cannot  be  considered  entirely 
solved.  It  is  true  that  Stevens  *  made  experiments  on  air  which 
check  the  results  of  both  Mallard  and  Le  Chatelier  and  of  Langen 

♦  Ann.  d.  Phys.,  1902. 
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very  closely.  It  is  therefore  fair  to  assume  that  the  formiite 
derived  for  diatomic  gases  are  correct.  The  dlscrepamues  ob- 
served between  the  rc.sults  phi t ted  hi  Fig.  10-4  are  therefore  with 
strong  probat)iUty  due  to  error  in  the  av^iilaljle  data  for  H^O  and 
COjt  Further  work  is  therefore  required ^  and  a  clieek  of  Clerk's 
pesultn  is  esi>eciaUy  de?«irahle. 

3^  Velocity  of  Flame  Propagation  and  Time  of  Explo- 
sion. —  Exi>erimentr4  on  tlie  velot'ity  of  flame  propaf^ation  in  a 
given  mixture,  like  the  experiments  on  specific  heat,  have  not  led 
to  any  definite  rasnlt.  And  although  definite  information  on 
tins  point  h  de^*irable,  on  account  of  tfie  connection  between 
velocity  of  flame  propagation  and  i>ossil)le  maximum  engine  sjaeed, 
in  any  given  case  there  are  so  many  factors  afTecting  the  problem 
in  actual  practice,  that  the  application  of  the  results  of  lal>omtory 
experiments  to  actual  conditions  Ls  of  doubtful  value.  Thus  the 
velocity  with  which  the  flame  spreads  through  a  mixture  dej>enda 
UjKiii  the  kind  of  fucb  the  compels  it  ion  and  purity  of  the  mixture, 
its  temperature  and  pressure,  and  upon  the  location  of  the  igniter 
and  the  shafjc  of  the  combustion  chamber.  Kurt  her  than  this,  tlie 
degree  of  mechanical  agitation  in  tlie  mixture  at  the  moment  of 
explosion  has  a  marked  influence  upon  the  velocity. 

If  we  ignite  a  mixture  in  a  tube,  closed  at  one  end,  from  the 
closed  end,  tlie  pressure  generated  seems  to  project  the  fliime 
ahead  of  the  pressure  wave  towanl  the  open  end  of  the  tul>e  with 
a  much  higher  flame  velocity  than  would  have  been  observed  if 
the  ignition  had  taken  place  from  the  open  eml.  The  same  effect 
should  be  observed  in  a  tube  closed  at  both  ends.  Ignition  from 
the  open  end  gives  the  true  velocity,  as  the  flame  then  spreads  by 
contact  only.  In  an  actual  engine  cylinder,  with  the  volume  in- 
creasing with  the  movement  of  the  piston »  we  may  expect  the 
velocity  of  propagation  to  be  somewhere  between  those  found 
for  ignition  from  the  open  end  of  a  tube  and  those  for  ignition 
iii  a  cIo4je<J  tube. 

Mallard  and  Le  Cliatelier  used  the  open -tube  method  ^  measur* 

the  time  interval  lietween  the  passage  of  the  pressure  wave 
between  two  points  on  the  tut>e.  Their  results,  as  given  by  Clerk, 
for  hydrogen  were  as  follows: 
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Mixture 

Velocity  of  Preanire 
Propagation 
ft.  per  second 

1  vol.  H  +  4  vols,  air    

6.56 

1  vol.  H  +  3  vols,  air    

9.20 

1  vol  H  4-  2i  vols,  air    

11  10 

1  vol.  H  4-  If  vols.air 

12  40 

1  vol.  H  4-  1  i^  vols,  air 

14  30 

1  vol.  H  +  1  vol.  air   

12.30 

1  vol   H  4-  4  vol.  air                          

7  55 

The  true  explosive  mixture  for  hydrogen  and  air  is  1  vol.  of 
H  to  2i  vols,  of  air.  It  might  be  supposed  that  this  would  be 
the  mixture  showing  highest  velocity  of  propagation.  For  some 
unexplained  reason  a  certain  excess  of  hydrogen  shows  the  highest 


lal 

/ 

v.; 

'cr,  Tir 

lEtLnn 

frftin 

1     1 

/ 

\ 

Op.'l 

1  irtiJ 

J 

/ 

,\ 

> 

'// 

4 

K 

^tSta_ 

11 

ktkiA 

\%  b^r  ^ 

*^ ,' 

^ 

r^        1? 

1          \ 

t.'^"*^ 

1          111          1 

Fig.  10-5. 

result.     A  similar  phenomenon  was  observed  with  coal  gas  and  air 
mixtures  by  these  observers. 

Meyer  *  used  an  apparatus  very  similar  to  that  of  Mallard  and 
Le  Chatelier,  except  that  very  sensitive  platinum  thermometers 
were  employed  to  measure  the  passage  of  the  flame,  instead  of 
diaphragms  to  measure  the  passage  of  the  pressure  w^ave.  The 
fuel  employed  was  coal  gas.  All  tests  were  made  with  the  mix- 
ture at  atmospheric  pressure  at  the  time  of  ignition.  Figs.  10-5 
and  10-6  show  the  results  graphically,  the  former  being  obtained 
for  ignition  from  the  closed  end,  the  latter  for  ignition  from  the 
open  end.  The  much  higher  velocity  of  the  first  curve  bears  out 
the  statement  previously  made.  The  fact  that  the  maximum 
velocity  occurs  with  the  same  gas-air  ratio  shows  that  the  true 
rate  of  inflammability  has  not  been  changed,  but  that  mechanical 
♦  E.  J.  Meyer,  Sibley  College  thesis,  1905. 
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^metions  alone  are  responsible  for  the  difference  in  the  observed               ^^^H 
results.                                                                                                                 ^^^H 
■        Closely  connected  with  the  velocity  of  flame  propagation,  and               ^^^H 
I  gubjec^t  to  the  inflitence  of  accidental  accompanying  conditions               ^^^^| 
I  to  tlie  same  degree,  is  the  time  of  explosion.     The  most  extensive              ^^^^| 
I  work  in  this  field  was  done  by  Clerk.     The  apparatus  employed               ^^^H 
by  him  was  very  similar  to  that  used  by  L^tngen  in  his  specific              ^^^^| 
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I  heat  experiments.     The  fuel  mixture   was  ignited  at  constant             ^^^^| 

1   volume  and  a  pressure  diagram  obtained  on  the  rotating  drum              ^^^^| 

1  of  an  indicator.     Unfortunately  the  experiments  were  confined              ^^^^| 

I   to  coal  gas,  a  few  figures  only  Vjcing  obtained  for  hydrogen  ami               ^^^^| 

1  none  for  the  power  gases  so  imf>ortant  to-day.    The  figures  found               ^^^| 

for  hydrogen  were  as  follows^  the  time  of  explosion  l:>eiMg  the  time              ^^^^| 

interval  from  the  moment  uf  ignitiun  to  the  attainment  of  maxi-              ^^^^| 

mum  pressure  *                                                                                                ^^^^| 

llixlur*  by  VolMme 

Time  of  Explodan                                  ^^^^^^| 

Air 
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1 
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1 

«  Clerk,  The  Gas  SJid  Oil  Engine,  p.  101 .                                        ^^^^H 
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Qerk's  results  for  mixtures  of  air  and  Oldham  coal  gas  are 
represented  in  Fig.  10-7.  The  volume  ration  showing  fastest 
time  of  explosion,  i.f.,  6  to  1,  agrees  with  the  mixture  for  which 
Meyer  found  the  greatest  velocity  of  flame  propagation.  This 
mixture  also  showed  about  the  highest  pressure  development  in 
Clerk's  experiments,  90  pounds  per  square  inch. 


' 

^ 

-" 

y 

^ 

-LLirL 

/ 

y 

US' 

. 

/ 

,1 

/ 

Cle 

iLdti.ll 

(4 

/ 

^ 

"1 

/ 

BE 

[ 

s. 

V 

-^ 

!   ^ 

*        .B 

*        ^ 

;_j 

a      i 

TUiJ 

4       J! 

bill 

!i     .^     ,»     .A     .<*     .< 

, 

Fig.  10-7. 

In  Clerk's  experiments  the  pressure  at  tlie  moment  of  ignition 
was  atmospheric  in  each  case.  Koerting*  carried  on  similar  ex- 
periments with  coal  gas  but  used  compressed  mixtures,  although 
the   pressures  used  were  low.     The  summary  of  his  results  is  as 

follows: 


Mixture  by  Vol. 

Air  I 


I  Prewure  before   Time  of  Kxplo-    Velocity  of  Propft- 
Ignition  8ion  »«cundi«    j   gation  ft.  per  sec. 

I.bs.  , 


\  15.0 

.032 

23.0 

7.5 

1 

(37.0 

.036 

20.4 

5.42 

1 

jl5 

.01 

74.0 

(37 

.0125 

59.0 

*  Koerting,  Zeitschrift  d.  V.  d.  I. 


THE  FUEL  MIXTURE 


231 


This  table  shows  that  compressing  the  mixtijre  retards  the 
velocity  of  flame  propagation^  but  that  the  amount  of  retardation 
IS  less  in  lean  tlian  in  rich  mixtures  of  the  same  fueL 

Koerting's  figures  do  not  agree  T%ell  with  those  of  Clerk, 
although  they  were  obtained  witli  similar  api^aratus.  From  Fig. 
10-7  the  time  of  explosion  of  a  7-5  to  1  mixture  would  have  been 
about  ,056  seconds  accortling  to  Clerk,  as  against  .032  seconds 
found  by  Koerting*  This  is  too  great  a  difference  even  aasumiDg 
a  consitierable  difference  in  the  composition  of  the  fueL  The 
length  of  Clerk's  vessel  up  to  the  indicator  piston  was  about  10 
inehes^  w^Mch,  w^ith  a  time  explosion  of  .056  seconds,  gives  a 
velocity  of  propagation  in  a  closed  vessel  of  14.8  feet  per  second 
aa  against  23  feet  found  by  Koert  ing. 

For  the  purpose  of  comparing  Clerk's  results  with  those  of 
Meyer  on  flame  pro[mgation,  the  times  of  explosion  as  shown  by 
Fig,  10-7  liave  l>een  transpose*.!  to  t  he  basis  of  velocity  in  feet  per 
Sieeoad,  The  resulting  curve  has  been  drawn  in  on  Fig.  10-5  with 
Meyer's  results.  It  is  seen  that  the  velocity  of  propagation  in  a 
closed  tube  according  to  Clerk  is  lower  than  that  found  by  Meyer 
for  ignition  from  the  open  end  of  a  tube,  except  for  ratios  exceed- 
ing S  to  It  and  here  the  difference  is  inconsiderable.  This  is  con- 
trary to  what  might  be  exi>ected,  becausej  as  before  explained, 
and  also  mentioned  by  Clerk,  if  explosion  takes  place  at  constant 
volume  in  a  closed  vessel,  the  piiri  of  the  mixture  first  ignited 
instantly  expands  aud  shoots  the  flame  into  the  rest  of  the  masSj 
thus  increasing  the  velocity  of  propagation.  As  compared  with 
ifeyer  s  results  for  ignition  from  the  closed  end  of  a  tube.  Clerk ^s 
resultB  are  very  much  lower,  in  fact  only  about  ^  at  the  best  ratio 
for  th©  gas.  Koert ing's  figures,  on  the  other  hand,  slightly  exceed 
Meyer's  results  for  ignition  from  the  open  end* 


CHAPTER  XI 


HISTORICAL   SKETCH   OF    THK   INTERNAL   COMBUSTION    KKGmT5 ' 


1,  Origin  obscure.  —  The  origin  of  the  internal  combusiic 
engine  m  im|)erfectly  known;  as  it  exists  at  the  pre.scnt  time  it 
the  result  of  a  long-continueil  development  whieh  l>e^an  first 
with  a  period  of  s|3eeuhition  which^  through  the  efforts  of  numer- 
ous invent ons,  finally  resulted  in  a  practical,  operative  marhine. 
No  siuf^le  jx*rwr>n  can  l>c  considered  fis  the  hnentor  f>f  the  internal 
combustion  engine.  Its  history  shows  the  existence  of  three 
periods:  (1)  t!iat  of  s|>eeyiation  and  invention;  (2)  that  of  de 
velopment,  and  (l^)  ihni  of  a  p  plica  lion. 

2,  The  Period  of  Speculation  and  Invention.  —  The  g^ 
engine  previuus  to  IKfiO  was  not  a  practical,  com  men  ial  ujachit 
nor  had  it  lieen  immi  to  any  f^reat  extent  fcjr  the  purpcisc^  of 
prof hieing  power.  Previous  to  that  time  various  pubfications 
and  j>atents  show  that  nearly  all  of  the  tyjies  known  at  the 
present  time  had  been  discovered,  although  the  records  are  im- 
perfect aa  to  the  actual  and  practical  use  of  such  machines, 
ia  reasonable  to  lielieve  that  many  of  the  forms  descrilied 
patented  were  actually  built  and  oj)erated  experimentally  if  not 
commercially* 

Aim^  Witx  gives  tlie  credit  *  for  the  first  internal  combustioi 
engine  to  the  Abl><^*  Hautefeuille,  w4io  descril)c*K  an  engine  ia  1678 
in  which  water  is  raisefl  by  utili;?ing  the  partial  vacuum  which 
results  from  burning  gunpowder  in  a  cylinder  and  cooling  tl 
ga-ses  remaining. 

A  similar  engine  was  descril)ed  by  Huygens  in  a  memoir  e^ 
titled  "  I' ne  nouvelle  force  mouvant  par  le  moyen  de  la  poiidrej 
canon  et  de  I'air,*^  which  appeared  in  158th     Denis  Pa  pin  cut 
Btnicted  an  internal  c<jmlnmtion  engine  similar  to  that  doHcrilTed 
l>y  Huygens  in  1C(K),  but  on  account  of  imj»erfect  workmanship 

*  Mot  cum  a  Oaas  H  a  P^trob. 
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obtained  results  very  much  inferior  to  thojse  produced  by  a  eteam 
engine  and  abandoned  the  jiowder  engine  as  an  impractical 
machine* 

In  the  i>owder  enji^ines  the  method  was  a  fairly  practical  one; 
a  small  quantity  of  gunpowder  exploded  in  a  large  cylindrical 
vestic!  expelled  the  air  tlirough  cheek  valves,  thus  leaving,  after 
cwjling*  a  partial  vacuum  Mow  I  lie  pi.st<jn.  The  pressure  of  the 
atmosphere  did  work  by  moving  the  piston  downw-ard. 

For  a  long  time  after  this  attempt,  the  internal  combustion 
engine  seemed  to  have  been  praetieally  forgotten,  as  the  next 
description  of  its  construction  was  not  written  until  after  Watt 
had  deveh^jM^tt  and  improved  the  steam  engine.  Corisidering  the 
low  condititin  of  the  state  of  the  mechanical  arts  and  the  ditti- 
eulty  of  obtaining  good  workmen  and  proper  materials,  which 
Watt  experienced  and  which  he  wiis  only  able  to  overcome  by 
fif)eiiding  years  t>f  time,  it  can  be  readily  undemtootl  why  little 
or  no  suliBtantial  progress  was  made,  Watt  not  only  solved  the 
problem  relating  to  the  method  of  improving  the  engine,  but  he 
liii^o  develojjed  in  a  very  great  mea.sure  the  art  of  cojistructing  such 
engines  and  of  producing  projx^r  materials  for  their  manufacture. 

The  greater  pjrthin  of  t!ie  information  relating  to  the  design 
and  improveiucnt  of  the  gas  engine  during  the  iM?riod  previous 
to  any  extensive  eommert^iaJ  use  is  obialned  from  the  records  of 
tiie  Knglish.  French  atid  American  patent  offices.  These  records 
have  the  iid vantage  over  other  publieatitms  of  being  definitely 
diited  and  of  concisely  and  accurately  des^cribing  the  machine 
and  its  mode  of  t>jKTalion, 

Ttie  first  internal  combustion  engine  described  in  the  patent 
rtH-ords  was  patented  by  Robert  Htreet  in  Kngland  on  the  7th 
of  May,  17!>4.  It  consists  of  a  motor  cyhnder,  with  a  piston,  the 
1  Hit  torn  of  which  is  healed  by  hre.  The  patent  shinvs  a  pnmp 
driven  by  a  lever.  The  fuel  m  descrilied  as  a  small  quantity  of 
tar  or  turjientine  which  is  projected  onto  the  hot  part  of  the 
cylinder  so  that  the  liquid  is  instantly  converted  into  an  indani- 
mable  vapor.  The  raising  of  the  piston  by  means  of  a  lever  sucks 
ill  external  air  anrl  also  flame  for  ignition,  which  causes  the  ex- 
plosion. The  del  ails  as  descrilxul  are  (TU<le,  Ijut  I  he  principle  of 
openitiou  m  the  same  as  in  the  Lenoir  engine  which  was  patented 
in  ism. 
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PhiJlippe  Lebon  patented  in  France,  in  ISOl,  a  gas  motor  ml 
i^^hich  the  ^m  Wiis  compres^icd  in  a  cylinder  external  to  the  i^t>rk- 
ing  cylinder  previous  to  ignition.  In  tliis  patent  there  is  de- 
scribed the  use  of  an  air  pump  for  comprassing  atmo.spheric  air, 
a  gas  pump  for  compressing  gas,  and  the  use  of  electricity  for 
ignition.  Lebon  died  September  22,  1804.  Wttz  states  *'that  it 
is  probable  that  the  industry  of  building  gas  engines  would  have 
dated  at  the  Ix^ginning  of  the  century  as  a  practical  commercial 
industry,  instead  of  1861),  had  he  lived/' 

Various  inventors  early  in  the  century  proposed  the  use  of] 

explosive  powders,  of  air  satu- 
rated with  hydrocarbon  and' 
of  hydrogen  gas  produced  by 
chemical  means,  as  fuels  for  in- 
ternal combustion  engines,  but 
these  did  not,  so  far  as  can  be 
ascertained,  result  in  any  prac- 
tical improvement. 

In    1823    and    1826    Samuel 
Brown  obt ained  English  patents 
for    an    ingenious    atmospheric 
air  engine  which ,  althougk  very 
cu  m  be  rso  me  a  nd  u  neco  n  o  m  ie  al  J 
was    applied    to    practical  uses* 
The  engine.  Fig.  11-1,  w-aa  oper- 
ated by  burning  the  combust!- j 
ble  in  a  vessel  adjacent  to  the 
working    cylinder,    which    resulted    in   exi>e!Iing    a    jiortion   of 
the    air   it    contained.      A    jet    of   water   was    then    throw^n   in| 
which  lowered  the  temperature  and  by  so  doing  produced  a| 
vacuum.     Motion   was   produced   by   the   atmospheric   pressure  < 
acting  alternately  on   the   sides  of  the   piston   in  the   working 
cylinder,  which  was  arranged  adjacent  to  the  vacuum-produc- 
ing chamljer  and  put  in  alternate  connection  with  it  by  means  I 
nf  a  proper  valve  motion.     Tins  engine,  althougti  referred  to  by 
Clerk  **m  being  the  fii^t  gas  engine  undoubtedly  put  at  work," 
is  an  cxtenial  combustion  gas  engine  somewhat  similar  to  the 
Wilcox  engine  already  dcscri!>ed,  except  that  there  was  vacuum 
ni*h**r  than  pressure  in  the  combustion  vessel,     According  to  the 


Ji 


Fig.  II-l.— S.  Brown,  1823-26. 
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Mechanics  Magazine,  published  in  London,  a  boat  was  fitted  with 
a  Brown  engine  and  ran  experiment  ally  npon  the  Thames. 
Another  engine  was  made  in  rombination  with  a  road  carriage 
(see  Mechumcs  Matjazme,  December  24 »  1825);  this  is  also 
referred  to  in  a  Report  of  a  Committee  of  the  House  of  Com- 
mons, reprinted  tm  a  pulilie  dorument  in  the  United  States  in  1832. 

W.  L,  Wngfit  obtained  an  English  patent  (No,  6525  of  1833) 
for  an  internal  combustion  engine  in  England.  This  patent  is 
accompanied  with  elaborate  drawings  gi%*ing  in  detail  the  pro- 
posed construct ii;n.  The  engine,  Fig.  11-2,  is  shown  as  double 
artingj  the  piston  receiving  two  im- 
pubes  for  eY^ry  re vo hit  ion  of  the 
crank  shaft.  It  is  also  shown  as  pro- 
vided with  pumpa  adapted  to  com- 
press the  air  and  gas  a  few  pounds 
alx)ve  the  atmosphere  previous  to 
their  introduction  into  the  cylinder. 
The  engine  was  provi[led  with  a  fly- 
ball  gmernor  for  eoJitrt>lling  the  quan- 
tity of  gas  and  air  as  required  to  ^'BtJIfflLIIBIL.H  Jl  l-^^'\ 
prf>duce  uniform  speetL  The  charge 
is  ignited  when  the  working  piston  h 
at  the  end  of  its  stroke  by  an  external 
flame,  burning  in  air,  which  is  con- 
nef*ted  with  the  charge  at  the  pro]:ier 
time  by  a  valve  opened  by  the  mech- 
anism of  the  engine.  The  charge  l  ig.  n-2.  — WHght,  1833, 
was   not    under   sensible  compression 

at  the  time  of  ignition.  The  engine  as  shown  has  water-jacketed 
cylinder  and  piston*  fxipjiet  exhaust  valves  operated  by  cams, 
and  apf>ean3  well  proportioned  throughout.  Much  credit  is  due 
to  the  governing  device  shown,  and  it  would  be  difficult  to  state 
why  the  mf*tor  did  not  succeed,  unless  it  may  have  been  due  to 
the  lack  of  demand  for  any  other  motor  than  the  steam  engine. 

James  Johnson  took  out  an  English  patent  in  1841  for  a  gas 
engine  to  lie  operated  by  hydrogen  gas.  In  this  engine  the  piston 
m  forced  to  the  end  of  the  cylinder  by  the  explosion  of  the  gas, 
after  which  a  vacuum  is  formed  underneath  the  piston  and  the 
piston  is  returned  by  atmospheric  pressure.     It  illuet rates  the 
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expansion  of  the  f)roduets  of  combuation  below  atmoepberio 
pr^Bure^  a  method  which  as  yet  !iaa  not  met  with  much  practi- 
cal Hiirrews  in  tfie  ojieration  uf  gti8  engines, 

Williaoi  liarnett  obtained  a  patent  in  England  (No.  6015,  of 
183K),  which  descrilies  the  eonstnietion  and  mode  of  operatio: 
of  a  two-cycle  gns  engine,  single  and  double  actings  in  whirh  the 
explosive  mixture  is  cumpa^ssed  previous  to  ignition.  It  *^howa 
three  forms  of  engines,  one  type  in  which  the  compression 
entirely  fx^rfornunl  outside  the  working  cyhnder  and  wliich  is 
shown  U.S  both  single  and  double  acting.     It  also  shows  another^— 

ty[)e  in  which  the  compression  is  com^H 
pleted  inside  the  wf>rking  cylinder,  ^^ 
this  latter  form  bt*ing  almtJst  idenlical^^ 
with  the  modern  two-stroke  cycle  en^H 
gi ne  w hi c i I  h as  al reat  1  y  Ijee 1 1 de.^ cri  1  led .       ' 

Banicft  also  shows  an  igniting 
device,  descril>ed  in  Chapter  Xlll, 
whi(*h  is  adaj^tcd  in  ignite  the  ga-^e- 
ous  nuxture  wlule  u ruler  rompn^fsi^ion. 
This  method  of  ignition  is  of  interest 
as  it  was  used  in  a  slightly  different 
form  Uy  Otto  hi  tlie  Otto  engine  iu, 
1877*  Harnett  also  descriljes  a  met  hod 
uf  igniting  by  bringing  the  exphisive" 
mixture  in  cur^tact  with  si^JUgy  iilati* 
num  w^hitih  is  located  in  a  cavity  near 
the  liead  of  tlie  cyHnder. 
Figure  11-3  is  reduced  from  patetit  drawing  ant]  shows 
section  of  the  single-acting  engine  in  which  A  is  the  motor  pistoi: 
The  cylinder  is  tjjien  at  the  Uip,  B  is  a  double-acting  pump  which' 
serves  to  siipply  atmosjiheric  air  to  frjrm  an  explosive  mixture, 
on  one  side  and  to  exhaust  the  products  of  combustion  on  tl" 
other;  the  pump  for  supplying  fuel  gas  under  compression  stands" 
back  of  the  air  pump  and  is  not  shown  in  iUv  figure.  During  tlje, 
ascent  of  the  piston,  A,  the  air  and  gas  pumjis  have  been  drawir 
IT*  air  and  g:m,  which  on  the  descent  of  the  pumj*  pistons  nf 
forced  into  the  receiver,  />,  which  is  separated  frotu  the  working 
cylinder  liy  tlie  piston  slide  valve,  E,  In  the  meantime  the  pii 
tun    4   hn&  discharged  the  exhaust  gases  tlirongh  the  vdve 


Ficj.  n-3.  —  Btimett,  1838. 
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This  valve  closes  rommunipatinn  with  the  air  when  A  reaches 
the  lower  dead  center  and  ojiens  communication  witli  the  re- 
eeiver  /).  At  tliLs  instant  the  charge  is  if^nited,  and  tlie  gases 
under  compression  pass  into  the  wfirkin^  cyiimler  llirnngh  the 
sUde  valve  E,  The  igniting  device  shown  at  F  is  operated  by 
th©  motion  of  the  valve. 

Tl»c  gasepi  at  the  time  of  ex  phis  ion  are  in  the  receiver  Z),  and 
flow  throngh  the  ]x>rt  after  ignition  precisely  as  steam  would  do. 
Tlie  pressure  in  the  motor  cylinder 
falls  by  expansi<m  wiUi  increase  in 
vohime  due  to  motion  of  piston, 

Barnett'a  second  engine  is  identi' 
ral  with  his  first  except  that  it  m 
double  acting* 

Barnctt'ft  third  engine,  shown  in 
Fig,  11^,  is  of  grent  inten\st  sincp  it 
is  the  forenmner  of  the  modern  two- 
cyrle  enginr*.  The  engiiio  shown  in 
the  figtire  is  <louble  acting;  Like  the 
first  engine  it  liaB  three  cylinders, 
motor  cylinder  A,  air  jnimp  /J,  nnd 
a  gas  pnnip  not  visible  in  the  in  go  re. 
The  air  and  ga.s  pum]^  are  single 
acting  l>nt  are  ojxTated  by  means  of 
gearing  so  as  to  make  twice  as  many 
strokes  lis  the  working  piston.  The 
ignition  i.s  fierfornied  }>v  Hpfingy  |>hiti- 
num  with  whicli  the  ga^scs  under  compression  are  brought  in 
contact.  The  operation  of  the  engine  is  as  folloM's,  supposing 
that  when  the  piston  is  in  the  posit itm  slunvn  in  the  (haw- 
ing it  is  moving  upward  and  the  up{M*r  end  of  the  cylinder 
if*  charged  with  air  and  gas  under  eompre^sion.  When  the 
piston  has  completed  its  np  strf>ke,  the  contact  of  the  plati- 
nuni  with  the  eointiressed  mixture,  produced  by  the  as(*ent  of 
the  piston,  causes  explosion,  which  in  turn  imfR^s  the  piston 
tfi  the  boMom  of  its  stroke.  1  hiring  the  first  part  of  the 
descent  and  until  the  piston  passes  the  fjort^  M.  at  the  center  of 
the  cyllnrler,  the  prtiducts  of  combustion    l>eIow  the  piston  are 

ng  exhanstefl,  either   into    the    atmospheric    air   or    into    an 


Fig.  11-4.  —  Bamt'tt's  Third 
Engine. 
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exhaust  pump,  which  may  be  used  if  desired.  At  the  same  time 
the  air  aad  gas  pumps  draw  in  their  respective  charges.  During 
the  latter  half  of  the  descent  of  the  piston  the  air  and  gas  pumps 
are  forring  the  mixed  air  and  gas  into  the  cylinder  below  the 
piston  w  lie  re  it  is  further  compressed  and  exploded  at  the  end 
of  its  stroke,  in  which  case -the  piston  is  forced  upwards  and  the 
operation  is  rt*f«ated, 

Stuart  Perry  patented  in  the  United  States,  May  25,  1844, 
and  in  Great  Britain  through  the  agency  of  Joseph  Robinson 
(No.  9972  of  1843),  a  gas  or  vapor  engine 
which  was  provided  with  means  for  compris- 
ing the  charge  previous  to  ignition.  The 
methijd  of  ignition  in  the  Perry  engine  was 
similar  to  that  in  the  Wright  engine.  The  , 
cnfrine  was  especially  designed  for  the  use  of 

.         lifiuivl  hydrocarbon,   and  for  this   purpose  it 

T  1  ^  \  ^\  ^^  provided  with  a  carbureter  through  which 
—I  ' — ^  ^  \  \\  ft  port  ion  of  the  air  on  its  way  to  the  engine 
is  forced  and  which  may  be  heated  b}^  tbe 
exhaust  gases.  The  Perry  engine  is  double  i 
acting  and  provided  with  a  rotating  valve 
which  by  means  of  gctiring  can  be  reveised 
in  tlirection,  thus  reversing  the  engine. 

The  Perry  patent  of  1844  was  followed 
by  one  in  184G  which  showed  an  engine  with 
|wi)pet  valves  and  with  means  for  igniting  by  ] 
a  hot'  tube  consisting  of  a  platinum  cup  kept 
hot  by  a  gas  flame.  In  this  latter  engine  tlie 
charge  was  under  compression  at  the  time  of  ignition.  In  the  ^ 
latter  patent  reference  is  mittle  to  the  actual  use  of  a  gas  engine 
with  carbureting  device,  from  which  it  would  appear  that  Perry 
at  least  anticipated  in  design  many  later  constructions.  | 

A*  V.  Ne\\i;on  obtained  a  patent  in  England  {No,  562  of  1855), 
for  an  ignition  device  which  was  identicxd  with  that  formerly 
patented  in  America  by  Drake,  and  which  is  now  knoi^-n  as  the  | 
hot-tube  method  of  ignition.  The  igniting  arrangement  consists  I 
of  n  cast-injn  tube,  closed  at  the  outer  end^  which  projects  into 
a  "-  ^ss  formed  in  the  side  of  the  cylinder.  A  gas  flame,  Fig. 
f ps  a  section  of  this  tube  at  a  temperature  sufficient  to 


Fia  11^5.  — 

Newioa'8  Hot  Tutie 

Ipiiter. 
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explode  the  charge  when  the  pbton  uncovers  the  opening.  The 
engine  shown  in  the  Newton  patent  is  a  non-compression  double- 
acting  engine  with  water  jackets, 

Barsanti  and  Matteucci  of  Florence,  Italy,  took  an  English 
patent  (No.  1655  of  1S57)  for  a  free  piston  vacuum  engine,  which 
is  of  interest  from  the  fuel  that  it  was  of  essentially  the  same  class 
Bs  a  sycces^^fiil  type  of  engine  which  was  introduced  some  years 
later  by  Ol?o  and  Langen,  In  this  engine  the  force  of  the  ex- 
plosion was  utilised  in  tnoving  the  piston  when  free  from  the 
connecting  rod,  the  work  being  done  on  the 
return  stroke  by  the  weight  of  the  piston  and 
by  atmospheric  pressure  acting  on  its  upper 
side. 

In  construction  the  cylinder  of  the  engine 
is  vertical,  open  at  the  top  and  very*  long, 
Fig,  11-6.  The  charge  consisting  of  gas 
and  air  enters  when  the  piston  is  drawn  up 
a  short  distance  ami  is  exploded  by  an  elec- 
tric spark.  The  piston  rod  carries  a  rack 
which  is  in  engagement  with  a  gear  wheel 
connected  by  a  ratchet  ami  pawl  to  the  main 
shaft.  When  the  piston  is  sliol  rapidly  ui> 
ward  the  gear  wheel  turns  without  moving 
the  main  shaft.  When  the  piston  returns 
the  ratchet  connects  the  gear  wheel  of  the 
main  shaft  so  that  it  is  turned  in  the  direc-  y^^  1 1-6  —  Baisanti 
tion  for  pnKlueirig  ^ork.  aud  Matteucci, 

Clerk  states  that   the  method  illustrated 
in  this  engine  possesses  three  advantages:  rapid  expansion,   a 
large  amount  of  expansion,  and  also  some  of  the  advantages  of 
a  CO ude riser, 

3,  Period  of  Development.  —  Lenoir.  The  fii-st  internal 
combusfirjn  engine  to  attain  any  marked  degree  of  commercial 
success  w*as  patented  by  J.  J,  E.  Lenoir,  in  France,  January  4, 
1860,  and  in  the  United  States  March  19,  186L 

The  Lenoir  engine  was  nf  simple  construction  and  belonged 
t4i  a  ty|)e  which  had  been  previously  described  by  several  inven- 
tors. Its  success  was  evidently  due  to  the  good  proportions 
which  characterized  the  design.     The  engine  cylinder  is  shown 
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clciee  them  at  about  the  center  of  the  stroke.  The  charge  is 
explodetl  by  electrical  tneanjs  when  the  piston  h  at  about  the 
niidtlle  nf  its  stroke,  and  prochuies  the  requisite  pressure  to  force 
the  piston  onward  and  keep  the  enf^ine  in  motion.  The  exhaust 
valve  opens  to  ciisrhar^e  the  products  of  combnstion  during  the 
return  stroke.  The  o|x>ration  of  both  ends  of  the  eniG^iue  takes 
plaee  alternately  and  tends  to  produce  a  uniform  motion  of  the 
fly-wheel. 

The  engine  is  shown  provided  with  cross-head,  conneeting  rod, 
ami  f^overnor  similar  to  a  steam  engine.  Tlie  governor  is  arranged 
to  throttle  the  supply  of  gas  as  required  to  produce  uniform 
speed.  The  engine  was  provided  with  a  device  for  timing  the 
electrical  spark,  The  source  (>f  electricity  was  a  primary  battery 
arranged  to  bitcnsify  the  current  by  an  indtiction  eoil. 

Although  the  consumption  of  gas  by  this  engine  was  always 
high  and  the  jxnvcr  produceil  in  jMjrporlion  to  the  cylinder  very 
small ^  yet  it  p<jssessed  certain  advantages.  Its  mechanism  is 
simple,  its  explosion  nearly  without  shack,  and  its  action  very 
smooth.  This  engine  was  sold  in  large  numl>ers  and  manufac- 
tured ixJth  in  France  and  England. 

Dngald  (lerk  quotes  fn>m  an  article  in  the  Procfical  Mechanics 
Jourmil  of  August,  INfi'j,  showing  that  from  3(K)  to  40t}  engines 
were  at  that  time  at  work  in  France,  He  also  states  that  the 
Reading  Iron  Works  Co.,  at  Reading,  England,  made  and  delivered 
ItXJ  engines, 

Wit^  states  that  this  engine  was  received  with  great  enthu- 
siasm and  lliat  many  prerticted  (hat  the  lost  hours  of  the  steam 
engine  had  s<mnded  and  tliat  the  star  of  Watt  paled  l>efore  that 
of  Jjenoir,  This  enthusiasm  restdted  in  a  marked  exaggeration 
both  as  to  economy  and  capacity,  which  was  followed  by  a  re- 
action during  wliich  time  the  engine  was  catlcd  a  liumljug  and 
many  were  brf>ken  up  for  old  iron.  It  was,  however,  afiprcciated 
at  its  full  value  at  a  later  time,  as  it  was  fotmd  extremely  well 
adapted  for  small  establishments  requiring  from  J  horse-jM^wer 
to  4  horse-} »o wen  For  such  uses  the  consumfition  of  gas  was 
guaranteed  to  he  less  than  70  ciu  ft,  per  horse- power  hour  and  this 
guarantee  seems  to  have  lx»en  usually  realized.  Juriei§  at  the 
cxjK>sitions  of  London  in  18Ij2.  of  Paris  in  1867^  of  Vienna  in  bS73^ 
lecogniKed  the  merit  cif  Umoir. 
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The  Lenoir  engine  is  described  as  adapted  to  be  operated^ 
either  with  gas  or  with  the  vapor  of  liquid  hydnicarbon,  and  in  i 
Fneneh  patent  of  1861  a  carbureter  is  shown  for  mixing  the  vaf 
of  oil  wit  h  air. 

The  engine  of  Lenoir  waa  used  for  various  purposes ,  for  in 
stance,  printing,  pumping  water,  driving  lather,  and  also  for  thi* 
purpose  of  |)ro failing  a  vehicle  and  a  road  rarriage. 

In  the  report  of  the  Vienna  Exhibition  of  1873.  R.  H.  Thurston 

quotes  the  following  statements  of  M.  Claudel  in  neferenee  to  tt 

exijerimeiits  of  M.  Tresra  on  the  Lenoir  engine: 

"The  speed  of  the  engine  is  variable/' 

"The  failure  to  ignite  a  single  charge  will  stop  it/* 

"To  start  it  it  is  necessary  to  give  it  several  revolutions  bj 

hand/' 


Fjg.  11-9.  —  Dkgnwn  Lenoir  Engine, 

''Lubricant  must  Im  abundant  and  the  amount  of  oil  cannot 
he  estimated  at  less  than  0.5  kilogram  (U  lbs,}  per  day/' 

"To  obtain  the  l>est  effect ^  it  is  necessary  to  open  the  inlet 
l>efore  the  complete  closing  of  the  exhaust  valve/' 

*'  A  machine  of  0.24  meter  (9.5  inches)  diameter  of  cylinder  pr 
dueed  very  nearly  one  horse- power/* 

The  Ijest  |jerfonnance  claimed  for  the  Lenoir  engines  is  TO 
74  en,  ft.  of  gas  per  horse-power  per  hour,     M.  Trosca  re|Kjrted 
consumption  of  95*28  en.  ft.     A  typical  indicator  diagram  from  a 
Lenoir  engine  is  shown  in  Fig,  11-9. 

HuGON,  —  It  has  been  shown  that  Hugon  had  experimentt 
with  an  engine  of  the  Lenoir  type  two  years  before  Lenoir.*  But 
while  the  obvious  disadvantages  of  the  const niction  did  not  pre- 
vent Lenoir  from  putting  his  engine  on  tlie  market,  Hugon  wsis 
not  satisfied  with  the , solution  of  the  problem  and  turned  his 
Attention  to  the  indirect  acting  engine  of  the  type  of  Barsanti 

*  Memoifs  des  Ingpnieurs  Civib,  18»M>,  p.  159. 
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and  MatteuccL  Only  after  the  Lenoir  engine  proved  in  a  certain 
manner  a  commerriaJ  success  did  Hugon  return  to  his  former 
engine,  and^  makhig  some  imptt>vements  on  Tjenoirt  brought  the 
engine  out  in  1864,  In  this  machine,  Figs,  11-10  and  11-11, 
electric  ignition  was  re|)laced  by  flame  ignition,  which  was  much 
the  surer  method  of  igniting  a  charge  in  those  early  days,  and 
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IL 
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1  iG.  11-10.  —  Cylindor,  Hugon  Engine,  1864. 

both  exhaust  and  inlet  were  operated  by  one  valve  in  order  to  give 
this  valve  the  advantage  of  cooling  by  the  incoming  cohl  mixture* 
To  overcome  the  very  serious  defect  of  the  Lenoir  engine  existing 
in  the  extremely  rapid  wear  of  the  valves,  Hugon  reduced  the 
temperatures  of  the  cycle  by  injecting  %vat.er  into  the  charge. 
The  Hugon  engine  was  somewhat  sn]:>erior  to  that  of  Lenoir 


LL 
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Flo.  11-11.  —  Hiiguiid  FLiiiif  Ignition  Valve. 

in  lioth  fuel  and  lubricating  oil  consuniption,  but  it  did  not  find 
the  degree  of  application  of  the  latter,  because  apparently  the 
meanii  were  not  at  hand  to  exploit  it  to  the  extent  done  with  the 
Ijcnoir  mnrhine. 

Bkau  dk  R(K*has,  1862,  —  Tn  a  patent  taken  out  in  Paris  by 
Alph,  Beau  de  Hoehas  on  Januar)-^  7t  1S62,  he  states  the  conditions 
inired    for  the   high^t   efhciency   in    an   internal    combustion 
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engine,  and  he  also  distinctly  descrilie^  the  working  cycle  whirli 

in  his  opinion  ift  necessary  hj  prndnce  the  Iii^fiest  efficiency. 

According  to  this  inviistigator,  the  conditions  nece^ssary  hi 
highest  efficiency  are  four  in  numter;  (I)  the  greatest  volur 
of  the  cylinder  pt^ssibie  having  a  minimum  surface  of  periphery; 
(2)  highest  possible  vch>rity  of  motion;  (3)  greatest  i>4»ssil>le 
expansion;  (4)  greatest  i>nssible  pressure  at  the  commencpTnent 
of  the  expansion.  He  states  that  for  liighcjft  efhciency  it  is 
necessary  to  execute  the  fudowinp:  operations  in  the  period  utj 
four  consecutive  strokes  in  each  end  of  the  cylinder. 

(1)  Af^piratton  during  an  entire  out  stroke  of  the  piston, 

(2)  C4>mprc8.sion  durin*^  the  folhiwing  in  stroke. 

(3)  Ignition  at  the  dead  point  and  expausicm  during  the  third 
stn>ke. 

(4)  Disc f large  of  tlie  l^urned  gases  from  the  cylinder  diiriiij 
the  fourth  ;uid  last  str(»ke. 

The  f^jx*  rat  ions  which  are  descrilicd  above  charnrien>:e  tlie 
four-stn>ke  cycle  engine  which  was  first  actually  built  by  Ottc 
in  1876  or  1877.  The  inifiortrtnce  of  the  pamfjhlet  of  Heaii 
Roc  lias  was  not  recfjgnissed  and  it  was  pn>haljly  little  read  unti 
Otto  had  estal>lLshed  the  practical  value  of  this  method  of  ofterii 
tion.  Five  years  Ijefore  his  death  in  1887  lieau  de  Roclias  ws 
given  a  prize  by  the  Socit'ti'^  de  iMicourngenient  jmur  I'lmhistn 
Nationale  as  a  reci>gnition  of  the  ini[)or(ant  part  which  he  hfi 
played  in  the  development  of  the  internal  combustion  motor 

Althnugh  the  importance  of  com|iressi4m  previtins  to  ignitioi 
in  increiusing  both  the  efhciency  aiul  capacity  of  tlie  interna 
ctnnbustion  engine  was  fully  pointed  (ait  by  Million  in  his  KnglL^h 
and  American  patents  and  by  the  pam]>tilcts  fif  Ik^au  <le  Roc  has, 
little  or  no  practical  jjro^ress  was  made  in  the  construction  ot 
compression  engines  f<jr  the  next  twelve  years.  The  practica 
apijli**ations  were  confined  in  a  large  meru*?ure  to  the  jmxlnctioa 
of  nt>n-compression  engines  of  the  same  iy\^  as  tliat  of  Ijenoir. 

Ott<>  and  Lanokn.  ^ — Early  in  1861^  N.  A.  Otto,  in  tiying 
to  imprtwe  Ixuioir's  engine  by  giving  it  a  full  fic»wer  stroke,  hit 
upon  the  iilea,  in  the  course  of  his  investigations,  to  break  tl 
igniter  circuit  of  one  of  tbei?e  machines,  keep  the  exhaust  vah 
closed  at  the  end  of  the  nut  stroke,  then  to  turn  the  engine  back 
in  tlie  other  dir'ect  ion  by  hand,  and  when  the  piston  reached  U 


SKETCH  OF  INTERN AL  COMBUHTION   ENGINE      245 


inner  dead  center,  having  compressed  tlie  clmrge,  to  cause  the 
spark  to  jump.  He  thus  half  uiu^otLsciously  rt^produeeU  the  suc- 
tion and  com[)re*ssiou  stroke^?*  of  our  modern  four-cycle  en^int^s, 
and  the  result  Wius  that  the  eiigUie  received  a  sudden  impulse 
which  kept  it  spinning  for  several  revolutions.  As  near  as  t)tto 
thus  came  to  the  solution  of  the  question,  iis  [jrofx^sed  by  Beau 
de  Rochas  in  1862,  practical  difliculties  enct>untei*eil,  t4igethcr 
with  his  own  failures  to  reali?^^  tlie  full  importance  of  the  thing, 

I  eauBetl  fiim  to  turn  iiside  and  invent  an 
engine  of  an  entirt^ly  different  ty|>e.  Xot 
until  thirteen  or  fourteen  yeara  Jater  did 

f  he  return  to  the  ohl  proltlem  \vit[i  success. 
The  result  of   his  labor  in  the  early 

I  sixties  was  the  so-called    free   pisttm  en- 

I  gine.     The  iilea  had  l)ecn  already  worked 

I  iiul  by  Brown  in  1832  and  by  the  Italian 
Barsatiti  in  1S5S,  but  It  renuuneil  for 
Otto  and  Langen  to  niiike  it  a  connner- 
tial  sfucet^8. 

After  several  years  of  experimentation 
tlie  first  macliine  was  exhibited  at  the 
l*aris  Exjxjsftion  in  IStiT. 

I"'lanit^  igtiition  was  used  arid  much 
!M*tter  economy  wtus  t obtained  llian  with 
the  J-jcnoir  or  Hugon  engine.     Clerk  states 

I  that    "it  ciunjjletcly  crusihed  I^enoir  and 
Ilugon   and   held   ahniist  sole  conitnand   of  the  market    for  ten 
yeai^,  mn'eral   thousands  iKung   constnictetl  in  that   |)cnxKL" 

A  »"!e<"tion  of  the  engine  is  shown  in  Fig.  11-12.  It  cojisista  of 
a  tall  vertical  cylinder  water*jarketcd  thrtnigh  a  pail  or  the  whole 
of  its  length  with  tiie  ttjp  ojicn  Lo  tlie  air.     The  ily-vvheel  shaft  is 

I  6npiK)rted  by  bearings  on  the  top  and  carries  a  gear  winch  engages 
with  a  rack  attached  to  the  piston  rod  of  the  engine.  The  gear 
turn**  freely  on  the  shaft  while  the  piston  is  moving  upward,  but 
is  connected  with  it  l)y  an  ingenious  clutch  when  the  piston  moves 
dovvnwanh  A  islide  valve  Sj  ojjeratefl  by  an  eccentric  on  a  sluift 
geart^d  to  tlie  main  shaft,  controls  the  admission,  ignition,  and 
exhaust   intermittently  as  determined  by  the  governor  of  the 

I  engine.     When  operating  at  full  load  the  piston  is  Hfted  a  few 
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nches  and  takes  in  the  charge  thn:>ugh  the  slide  valve,  which  anoo 
moves  further  and  bringB  in  the  igniting  flame.  The  residting 
explosion  projects  the  piston  upward  with  high  velocity.  The 
pre^ssure  beneath  it  rapidly  falls  by  expansion  until  lower  than 
that  of  the  atmosphere.  On  the  return  stroke  of  the  piston  the 
clutch  is  in  engagement  with  the  shaft  and  performs  work  due  to 
the  weight  of  the  piston  falling  freely  into  a  partial  vacuum.  The 
exhaust  gases  in  the  meantime  are  displaced  through  a  port  in  the 
alve. 

The  clutch  of  the  Otto-Langen  engine  was  a  very  ingenious 
construction  and  one  of  the  main  points  of  the  invention*  It  is 
shown  in  detail  in  F^.  11-lS  and  consists  of  a  part  a  keyed  to 


Fio.  11 -IS.  —Clutches,  Ott^Lang^n  Eogiae. 


the  shaft »  on  which  nins  the  part  b  carrying  the  teeth  etigaging 
the  rack.  The  part,  a  revolves  freely  with  the  shaft  and  Is  dis- 
connected from  the  part  b  while  the  piston  is  moving  upwani 
or  is  stationary,  but  is  fastened  to  the  part  h  when  the  piston 
is  moving  do%vnward.  The  parts  a  and  b  are  engaged  by  small 
rollers,  e,  moving  over  wedge-shaped  clips,  cc,  w^hen  the  part  b 
moves  in^the  same  direction  as  the  part,  a  and  at  a  higher  rate  of 
speed.  The  parts  are  clamped  together  by  the  rollers  wedging 
in  between  the  two  inclined  surf  aces  and  the  steel  clips  ce.  It 
will  be  seen  that  as  soon  im  the  part  a  moves  with  a  higher  velocity 

I  ban  is  Imparted  to  t  by  the  rack,  the  clutch  releases  automat  i- 
illy. 
Dr.  R,  H.  Thurston,  in  the  report  of  the  Vienna  exhibition  in 
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IS7S|  statea  that  several  of  these  engines  were  on  exhibition  and 
the  results  of  several  series  of  testj3  nnade  by  M,  Tresca  are  ^t%^en. 
The  dimensions  of  the  engine  tested  were  be  follows:  ilianieter  of 
piston,  8.75'':  maximum  stroke,  41.3"";  diameter  of  water  Jacket, 
15.75*;  height  of  water  jacket,  28.0",  The  following  are  the  re- 
sults of  four  trials: 


Triah 


Pressure  of  gas,  milliinc'tefs 

Duration  of  experimental  hre,  , . » . . 

Rei'olutioa'*  ppr  mm.  ......*., 

BrAkiH.  P. 

Total  g2ia  p<^r  hr,,  litres  .......  . . , . 

Gm  pi^T  H.  P.  hr.,  Ihn^n 

Gas  per  H .  P,  hr.,  cu,  ft. ,  ,  * . 

Gil*  uat'd  for  igtijti'r^  pv r  hour,  cu.  ft 


1 

i 

Z 

30.5 

36 

36 

i 

1 

0.5 

85J 

82 

SI. 5 

0.B96 

0.857 

0,425 

1017.5 

lOSii 

660 

1)35.6 

1266 

1314 

39.4 

44 

45.5 

2.12 

2,30 

0.5 
79,9 
0.418 

560 
1339.7 
46 


The  aljove  results,  ho%ve%^er,  have  l)een  surpassed  in  tests  by 
Meidinger  in  1868.  The  engine  tested  had  a  cyl.-diameter 
of  5,9^^,  a  maximum  stroke  of  38. 7'' ^  and  w^as  rated  at  ^  horse- 
power. At  maximum  load  this  engine  developed  .635  B.  H.  P. 
and  showed  a  gas  consumptionj  including  that  of  the  ignition 
flame,  of  29,5  cu.  ft.  per  H.  H.  P.  hovin  This  corresponcb  to  a 
thermal  efficiency  on  the  brake  of  13.7  jjer  cent,  t'uriously  enough 
a  still  better  economy  was  shown  at  a  lower  load.  With  a  B.  11.  P. 
of  ,35,  the  efficiency  was  15.4  j^er  cent.  The  fuel  mixture  in  both 
cases  contains  12.5  per  cent  of  gas. 

Respecting  the  engine  tested  at  Vienna,  Dr.  Thurston  states 
thai  it  has  always  w^orked  well  and  has  greatly  reduced  the  con- 
sumpt  ion  of  gas  over  that  used  by  earlier  engines.  It  is  very  noLsy 
in  njieration  and  the  exceptional  fuel  economy  is  its  only  special 
recommendation.  This  economy  is  probably  due  principally  to  the 
extreme  r«]>idity  with  which  the  piston  is  projected  upward  at 
each  explosion  of  gas,  the  work  of  expansion  being  thus  utiiiicd 
beffire  sufficient  time  has  elapsed  for  any  serious  amount  of 
contlensation  to  occur  by  contact  with  cold  surfaces.  A  diagram 
from  a  2  horse-power  Otto-Ijangen  engine  from  Clerk's  work  on 
the  gas  engine  is  shown  in  Fig.  11-14.  This  diagram  shows 
that  the  expansion  during  the  working  stroke  continues  below 
that  of  the  atmosphere,  the  piston  evidently  being  taken  to  the 
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top  of  its  stroke  by  the  energy  stored  in  the  fly-wheel  at  Ihe 

instant  of  explosion* 

The  iicnitini^  tievice  used  ronRisted  of  a.  constantly   hnrning 

flame  oulsidf!  t  lie  working  eylintier  which  wiis  put  in  commnnii-a- 

tion  by  a  slide  valve  with  the  ex- 
plosive charge  at  the  projier  time. 
The  lai^e  si^es  of  this  engine  were 
governe<l  by  controlling  the  velocity 
of  discharge  of  the  exhaust  glides. 
The  more  the  exhaust  outlet  was 
throttled,  the  slower  the  descent  of 
the  piston,  and  hence  the  fewer  the 
nnmlier  of  cycles  in  unit  time. 

liitAVTOM.  —  In  point  of  time 
the  next  important  invention  in 
the  art  of  protlucin^  internal  com- 
bustion motors^  wjis  made  by  an 
American^  tJeorge  B.  liraytfm.  Ills 
engines  were  hnilt  in  large  nutnlK^rs 
and  fKisseased  many  advantages 
Thev  had  the   remarkaljle  dit^tinc- 
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Fig.  t  I-Ii*  —  Diagmm, 
Ottn-Langrn  Eiij^inc. 


over  any   |  ire  v  ion  sly  made 

tion  nf  t)eing  the  only  motors  which  had  Ix^en  de^^igned  in  which 
ignition  takes  place  at  ronstnnt   pressure,  the  form  of  the  dia- 
granit  already  shown  in  Chapter  L  being  similar  in  many  rtsjM^cta^— 
to  that  of  the  steam  engine.  ^| 

lirayton  look  two  American  patents  for  his  engines;  first  the 
earlier  one  dated  A|)ril  2,   1H72,  covered  an  engine  adapied  to 
Intni  gas;  tlie  later  one*  patented  June,  1H74»  covered  an  engine 
ailapted  in  burn  liquid  hydrocarbfm  or  petroleum.     Ili-ith  eugiuea^^ 
have  essentially  tlie  same  (jrinciple  nf  ojieratiou,  the  air  and  eom-^^ 
bnstible  an?  sujjplied  to  the  working  cylinder  un<ler  pressriix^  for 
a  portion  rif  the  stroke,  ignitinri  continues  during  the  admission 
of  tlie  air  and  comluistiljle,  causing  an  increase  of  volume  without 
change   of   pressurr^     The   supply   valve   closes    wlien   suthcient      ,. 
combustible   has  enteretl,  and   the   piston   finishes  its  stroke   by^l 
expansion.     Ignition    was    produced    by    a    constantly    Imruiu^^^ 

flame  in  the  po%ver  cylinder.     Wire  diapfiragms  were  used  to  kei^p 

the  flames  from  striking  hack. 

Of  the  two  fitrms  of   Hravton  engine,  the  iii\r  engine  neve' 
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found  umch  application  on  account  of  ilici  fact  tliat,  due  to  punc- 
turing^ the  diajtliragm,  the  Ignition  flame  would  sometimes  strike 
back  and  explode  the  comixjund  mixture  stored  in  the  reservoir- 


y\ 


J 


^ 


Fig*  11  -15* —  Elcimtion,  Brayt4>ii  Oil  Eii|^ne. 

This  action  toju;etlier  with  the  Iiigli  |)ric'e  of  gas  led  to  the 
development  of  the  ix^troleutn  engine.  Figs.  11-15  antl  11  l(j 
sliovv  the  corLsi ruction  of  tfiiy  engine  very  clearly.*     The  engine 

— Jr^ /ffi\ 


a 


Fui.  11-10. 


\£/ V^/ — 

Pkti,  Druyton  Oil  Engitir. 


eansists  of  a  power  cylinder  a  and  an  air-com pressor  cylinder  fc, 
the  piiitorm  <>f  wiiich  are  comierted  to  the  walking  Iwam  c.  The 
air,  drawn  into  the  cylinder  h  tfiron^fi  an  automatic  valvei  is 

^  GtlMniT.  Eritwrrff^n  und  HcTCfhncn  der  Verbrcnnurigsmotorcn,  p.  01. 
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the 


I  tie  recciinir  il  wbeo  the 
L  Ffotn  d  the  comprcaocd 
n  tke  vaivie  t  m  opened  by 
tke  fev^  Aamn^  tbniagh  tlie  actlDo  of  a  cAm  cid  the  atmliAry 
riaft  k^  Fig.  11-16.  On  ks  vsj  tlizoiigii  the  irmJi^  the  &tr  Is 
viiEialcd  witli  ifae  vrnpor  of  g^wnHnr  or  pelroieaiii  bjr  passing  a 
lajm'  of  MUtnUed  felt  Md  lietven  two  peffonled  phles.  Tbe 
small  ptunp  I,  shawn  m  hc^h  figmis  and  actitated  from  the  earn 
^la^  k,  serrm  to  beep  the  fell  atmalecL  Just  below  thk  ear^ 
buicfting  devke,  a  ivecile  bmey  fapl  supplied  with  gaadme  by 
the  pump  1,  m  kept  eonetaiiil^r  txtraiof^  Uniting  the  ehaige  as  it  I 
psona.  Hie  admiasiDtt  iralve  is  opened  as  tbe  working  piston 
leaeliea  its  vpper  end  of  the  stioke.  Tbe  mixtui^  theiefoFe  bums 
as  tbe  pistofi  is  Craveliiig  downward^  aod  the  rate  of  rombustion 


m  m  regulated  thai  the 
duriiii^  the  tune  of 


Fwa,  11-17,  —  Bonrer  Card,  Bra>tari 
Eagioe. 


lemains  practicaUy  eoostant 
Fi^,  11-17  shows  a  typkal  woric 
diagiBin.  The  card  from  the 
air  cylinder  is  of  course  just 
like  fbe  r>nlinary  idr-eom- 
pres^r  disfram,  1 

The  engiDe  wjis  govemeil 
by  cutting  off  the  mixiure  at 
the  desired  point*  This  was  aeeompli^thed  by  making  the  admis- 
sion valve  cam  conical  and  sliding  it  along  the  shaft  h  by  meaos  of 
the  governor  shown,  thus  varying  tlie  time  of  opening  of  the  valve. 
This  oil  engine  was  a  thoroughly  practical  machine  and  founfl 
considerable  application.  Keganling  its  economy,  a  test  by 
Clerk  showed  I  he  foil  owing  figures: 

Dijuiieti>r  of  Motor  Cylinder  A  " 

Htrokc  of  Moior  Cyhnder 12" 

Diameter  of  Air  Cylinder S" 

Stiok<»  of  Air  Cylinder  6  " 

Mean  R,  p.  m. 201 

Mran  B.  H.  P. 4.2G 

X(  t  Indicated  H,  P.  , . ,  5.40 

Pumti  HP.......-, 4,10 

Tof^l  L  H.  P.  . . . .  9.50 

&f eehaniejil  Efficiency,  %  _ . .  79.0 

Petmleum  pr  B.  H.  P.-htmr,  g?ib  .323 

The  fuel  consumption  shown  amounts  to  a  thermal  efficiency 
of  6  [>er  <!ent  on  the  brake* 
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The  Otto  Engine.  —  The  Otto  engine  was  patented  by 
Nicholas  A.  Otto  of  Deutz,  Germany,  in  the  United  Stat^, 
August  14,  1877,  aiid  in  England  about  one  year  earlier.  The 
engine  was  shown  with  great  success  at  the  ExpoBition  of  1878. 
It  was  called  the  "  SUent "  engine,  probably  in  contradistinction 
to  the  free  piston  engine  of  the  same  inventor. 

The  patent  taken  out  by  Otto  is  de^'ote<l  principally  to  a 
description  of  an  improved  method  of  introducing  air  and  gas 
into  the  cylinder  of  a  gas  engine,  in  layers  or  strata  so  as  to  make 
the  explosion  less  violent  in  its  nature.  The  patent  describes 
three  kinds  of  engines  to  which  his  process  rould  be  applied,  viz., 
a  non-compression  engine,  an  engine  of  similar  structure  to  the 
non-compression  engine  but  in  which  the  charge  is  compressed 
by  external  means  before  passing  into  the  cylinder,  and  lastly 
the  now  common  four-cycle  engine  in  which  the  compnesRion  is 
performed  in  the  working  eyiimler  ami  which  followed  in  its  mode 
of  operation  the  principles  laid  do%vn  in  the  French  patent  of  Beau 
de  Rochas  in  1862. 

The  Otto  method  of  introducing  air  and  gas  in  separate  layers 
to  produce  slow  combustion  did  not  prove  to  be  of  practical 
vidue,  but  the  const  met  ion  described  in  Claim  3  of  the  American 
patent  not  only  revolutionized  all  previous  metht>ds  of  gas  engine 
const  met  ion  but  formed  the  basis  for  all  subsequent  practice. 
This  claim  is  stated  as  follows: 

3,  A  gas-motor  cDgine  wheruiiip  l>y  one  out  stroke  of  the  piston,  separate 
chnfgf.'s  of  cotnbiifcitU lie  ga^oiiH  mixture  aiui  atr  are  drawn  into  the  cylmder, 
which  rhargij'H  iia-  couipt^HSi^il  hy  f  ht'  in  stroke  :in<l  then  ignitetl,  ^o  ai^  to  pro|>el 
the*  piston,  which  by  its  return  atroke  expela  the  products  of  combustiim. 

The  Otto  engine  was  so  greatly  9Ui>erior  to  all  the  earlier  ones 
in  economy  and  capacity  for  a  given  weight  and  regularity  of 
o|K?ration  that  it  soon  distanced  all  competitor?.  Its  succe&s  led 
to  numemas  infringements  in  (ilermany  and  England  and  in  each 
of  these  countries  a  patent  suit  was  brought ;  in  Germany  the  Otto 
patent  was  declared  invalid  because  of  the  earlier  patent  to  Beau 
de  Rochas,  but  in  England  it  was  sustained.  In  the  United 
States  no  patent  suit  was  brought,  although  there  were  doubtless 
many  infringements  l;)efore  ttie  patent  expired  in  1804. 

Figures  11^18  to  11-20  show  a  horizontal  cross-section,  a  .side 
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\ww  and  an  end  %iew  of  ah  Otto  ei^gine  of  1884.^  In  llijs  eofpne 
the  aiiiiiissioii  of  the  fuel  mixtiu^  and  its  inrnHioQ  me  cootroOefl 
by  the  slide  ral^'e,  b.  Thm  \ulv^  m  ^rtuated  by  a  cn&nk,  cf,  «iid 
jDQ\^s  forvmnj  and  backwanl  tieross  the  r^ Under  head«     The  pm 


:3r 


^^^ 


^_f 


^g^ 


Fto.  ll-ia  —  HorisoDtAl  3cctiati  Otto  E^^ittt  of  ISSI.  ^M 

valve,  gj  is  actuated  liy  a  ram,  ^,  upon  the  side  shaft,  /,  wluJe  the 
exhaii£^t  valve*  r,  uf  the  now  tisua]  poppet  type,  is  actuaied 
through  a  lever  by  means  of  a  eaiii,  *%  u|Joti  the  Bumt  shaft.  This 
shaft,  /,  tums  with  one  half  the  speed  of  the  cimnk  shafl.     The 


-^ 


^1- 


Fig.  1 1-19.  —  Oevatioti  of  Otto  Eagine  of  ISSI. 

admission  slide  vah*e  is  hehl  a^airmt  its  seat  by  a  eo^'er  pJateT 
This  plate  contains  the  ignition  arrangenients  udiI  air  and  gas 
ports,  which  latter  coincide  with  other  porta  thfough  the  valve 
pniper  and  into  the  eombnstion  chan»ljer,  a',  in  t^rtain  positions 
of  the  valve.  The  gas  valve  is  connet*ted  to  the  gas  port  in  the 
plate  by  a  bent  pipe,  d,  while  gas  is  furnished  to  the  ignition 
apparatus  by  the  small  forked  pipe  sliown  in  Fig.  11-20- 

*  Fnmk  Guidner,  p.  43. 
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To  explain  the  operation  of  the  engine,  suppose  that  in  the 
j  position  shown  in  Fig.  11-18  the  piston  Is  just  commencing  its 
[surtjun  Rtroke.     The  exhauat  valve,  r,  ha^  just  closed  and  the 

port  in  the  valve  coincides  with  the  i>f>rt,  i,  into  the  eylinder.  Aa 
I  the  piston  moves  outward,  only  air  m  drawn  in  for  the  first  part 
»  of  the  stroke,  because  the  earn  lias  not  yet  ojjened  the  gns  valve,  (j. 

A  lillle  later  (7  ojjens  and  tlie  mixture  h  rlrawn  in  f,»r  the  rest  of 
;  the  stroke.     At  the  outer  dead  renter  the  valve  has  closed  the 

piirt,  1,  and  compression  next  takes  place-     By  the  time  the  pis- 
Ion  has  reached  the  inner 

dea<l  center,  the  valve  has 

moved  far  enough  over  to 

bring  the  ignition  cavity, 
■  k,  in  front  of  the  port,  i 


fi(» J 


T 


F 


I 


{^m'ffc^  y  ^SyAafr 


.^ 


I 


Fio.  11-20. 


—^ -i 

I 

Ejid  Virw  of  Otto  Engine 


The  flame  in  A*  i^trlkcs  in, 
cau!*ing  tfie  charge  to  ex- 
plode. Kxpansion  and  ex- 
haust follow. 

The  idwive  method  of 
drawing  in  the  chaiige  was 
by  Ottn  snpi>osetI  to  n^- 
suit  in  stratification,  i>.^ 
according  to  his  views 
there  would  be  a  layer  of 
Ijunicd  giuscs  next  to  the 
pLHton,  then  a  layer  of  air 
and  hist  the  h»ycr  of  mix- 
ture. He  also  claimed  that  this  arrangenient  wim  not  tlisturbed 
during  compression.  His  argument  was  that,  ignition  taking 
|ilace  in  the  rich  nuxture,  the  preasuit*  wave  woii!<l  soon  reach 
the  leaner  mixture  and  the  layem  of  nir  aiirl  bnrncd  gas  in  suc- 
I  cemiont  and  *'tone  tlown,"  so  to  speak,  in  its  intensity  so  as  to 

aid  sho<*k  to  the  engine  mechanism.     The  opini<jn*s  of  experts 

irding  the  soundness  of  this  theory  are  divide<l  even  to-day* 
^See  ('hapter  IV. 

The  ignition  apparatus  iiscfl  in  the  earlier  Otto  machines,  up 
to  the  general  ijitroduction  of  clertric  ignition,  was  very  aimihir 
to  that  employed  hy  Otto  in  the  free -pis  ton  engine  some  ten  years 
[earlier.     V\f*.   11  21  i*bows  a  cross-sect irtu  through  the  ignition 
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cavities  in  plate  and  slide.  One  branch  of  the  forked  pipe,  shown_ 
in  Fig.  ll~20,  supplies  a  constantly  burning  flame,  G,  Fig.  11*^2 
while  the  second  branch  HUs  the  cavity,  B,  with  gas  which  geti 
its  air  supply  through  the  port,  C,  the  mixture  igniting  when  it_ 
strikes  the  flame»  G,  as  show^n.  When  near  the  time  of  ignititiij 
cavity  B  in  the  slide  is  cut  off  from  its  air  and  gas  supply,  bu 
enougii  burning  mixture  is  left  in  the  cavity  to  ignite  the  charge 
in  the  cylinder  when  B  registers  with  the  port  into  the  cylinder. 
Since  the  pressure  in  the  compression  chamber  is  so  much  higher 
tlian  that  in  the  cavity,  there  m  danger 
that  the  flame  will  be  blown  out  when 
communication  is  first  established.  To 
prevent  this,  just  before  the  cavity  and 
the  inlet  port  commence  to  register,  coro- 
munication  is  established  with  the  coni- 
bustifjn  chamber  thn>ugh  a  very  fine 
opening,  thus  equalizing  the  pressytBS  in 
inlet  port  and  cavity. 

The  governing  arrangements  were 
simple  and  effect i%'e.  The  gas  valve 
cafn,  g\  Fig.  11-19,  was  arranged  to 
slide  on  the  shaft ,  /.  A  fly- ball  governor 
controlled  its  position,  and  when  the 
speed  rose  a  certain  amount  above  tior- 
mab  the  cam  was  pulled  far  enough  to  the 
left  to  cause  it  to  miss  the  valve  lever,  L 
Thus  the  engine  received  no  gas  and  an  impulse  was  missed. 
Economy  tests  on  early  Otto  engines  were  made  by  Shi  by  and_ 
Brauer,  1881,  Teichman  and  Boecking,  1SS7,  and  by  othe 
The  thermal  efficiencies  on  the  brake  ranged  from  9  to  12  per  cer 
The  best  fii^Tire  obtained  by  Brauer  in  1886  fin  a  Dent 55  4  horse- 
p<jwer  horizontal  engine  was  a  total  gas  consnmption  of  29,9 
cu.  ft.  per  B.  H.  R  honr,  which  corresjxjnded  to  a  thermal  efficiency 
of  15.5  per  cent*  Tests  made  by  Brooks  and  Htewart  at  Stevens 
Institute,  Holwken,  in  1SS2  on  a  6  B.  H.  P.  engine  show  alji^ut 
the  same  results* 

The  engine  shown  in  Figs,  11-18  to  11-20  is  from  the  desiga_ 
standpoint  a  welbbuilt  machine,  and  shows  a  ver}^  marked  ad 
vancc  in  this  resfiect  over  all  earlier  forms.     It  will  Ije  noted  thi 


Fia.  11-21,— 

Ignition  Arrangements, 

Otto  Engine  of  1884. 
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the  cross-heud  was  still  used.  This  was,  however,  soon  dispensed 
with,  sub^titutinf^  a  trunk  pLston^  and  thus  shortening  the  length 
of  the  machine.  Another  change  soon  instituted  was  the  substi- 
tution of  electric  for  flame  ignition. 

C1.ERK.  —  The  disadvantage^  inherent  in  all  four-€ycIe  ma- 
chines,  of  receiving  a  power  impulse  only  once  in  four  strokes, 
fed  other  inventors  to  experiment  with  the  tAvo-cycle  engine 
which  gets  a  po%ver  impulse  every  turn.  The  change  from  four- 
to  the  two-cycle  principle  seems  ver^^  simple^  but  is  in  reality 


Fiii.  11-22.  —  Vertical  Section,  Clerk  Engine. 

Bt  with  many  difficulties.  Perhaps  the  earliest  fairly  success- 
ful worker  wns  Clerk,  who  commenced  to  experiment  upon  two- 
cycle  engines  soon  after  Otto  perfected  his  four-cycle  machine. 
It  was,  however*  not  until  1880  that  he  succeeded  in  producing  a 
serviceable  machine*  Figs.  11-22  and  ll-23»  both  from  Clerk, 
"The  Oas  and  Oil  Engine,"  show  a  vertical  and  honssontal  cross- 
«©ction  respectively.  The  operation  of  the  engine  Is  as  follows: 
in  Fig.  11-23  the  power  pbton,  C,  has  just  reached  the  outer 
dead  center  and  the  main  bulk  of  the  exhaust  gases  have  escaped 
through  the  ports  E E\  In  the  meantime  the  displace?  piston, 
D,  which  on  its  previous  suction  stroke  has  drawn  a  mixture  of 
air  and  gas  into  B,  has  completed  about  half  of  its  in  stroke  and 
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dyplaeed  the  niixtune  inlu  G  and  .1  tlirougli  the  cfiimecliB 
pipe,  jr.  About  the  time  D  hw^  completed  its5  In  stroke,  the  pov 
piiston,  Cf  hits  co%Tred  the  exhaust  )M>rts  on  its  return  stnjke,  and 
eompre^ion  eusiies  in  the  nmin  cylinilen  The  cylinder  volumes 
are  so  projx>rtioned  that  in  theory  no  mixture  can  be  Umi  through 
the  exhamt  ports.  At  the  hincr  dead  center  of  the  |x>wer  phUi 
Ct  or  just  l>efore,  the  igtiitui|^  tavity,  0,  Fig.  11-23,  conies  np]> 
site  the  port,  N,  and  the  chaise  is  fired.  The  piston  is  inipellcd 
fnrwanl  and  the  next  charge^  drawn  into  B  in  the  meantime,  corn- 
men  ces  to  enter  the  space  G  as  soon  as  the  pre:ssure  in  A  has 
fallen  enough,  after  the  beginning  of  exhaust,  to  cause  the  valve 
in  the  pipe  between  B  and  G  in  lift.    The  intenuediate  val\^ 


Fig.  1 1-23.  —  Horizontal  Section  ^  Clerk  Engine. 

arrangemenl  is  shuwu  in  Fig.  11-22.  P  i«  an  air  chamber.  Til 
air  drawn  in  by  the  suction  of  the  displacer  piston,  />,  passi 
through  the  valve,  H,  anil  in  ee>  dtjing  is  mixeii  with  gim  which 
enters  through  a  numljcr  of  iiiie  holes  iu  the  ntuit  of  the  valve 
fnim  the  annular  space,  K,  On  the  in  stroke  of  the  displaeer 
pbton  l!ie  mixture  under  stome  pressure  comes  in  under  the  valve, 
F,  which  it  lifts  as  soon  as  the  pressure  of  the  exhaust  gase^ 
above  it  has  fallen  low  enough. 

The  diHicuUy  under  which  the  engine  lalMrred  was  Iikss  of 
mixture  through  Lhe  exhaust  ports  and  consequent  low  eeimomy. 
Although  the  respective  volumes  of  the  two  cylinders  may  be  in 
the  pnj|x?r  ratii>,  the  charge  expamls  by  heat  on  the  transfer*  auri 
mechanical  agitation  favors  tlie  loss.  In  spite  of  this  defect 
shop  tests  on  2,  4,6*  8,  and  12  horse-powder  engines  in  1885  gave 
results  fully  ec[ual  to  those  obtained  on  the  four-cycle  machuie 
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of  llmt  (lay.     The  following  Uih\%  shows  the  neeiilts  of  aome  of 
th^e  tests. 
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Figiircss  11-24  and  11-25  show  a  power  dhigram  and  a  pump 
dia^rnoj  from  a  6  hoT^c-|wvver  enp^ine. 

4.  Period  of  Application.  —  It  is  intended  in  what  follows  to 
give  merely  a  brief  r^iim4  of  the  further  development  of  tiie  in- 
ternal PorTjhiistion  enpne  say 
up  to  1897  and  to  reserve  a 
more  detailed  deseription  of 
the*  nioBt  imfMirtant  forms  in 
the    market    to-flay    Uyv   the 

next  chapter. 

j-v  ^       r    .1       .r\ii        Fig.  11-24,  —  Power  Card,  (Irrk  En  in  Jie. 

On   ar^onnt    of   the  Otto  * 

pati*nt,  which  practically  amonnted  to  a  monopoly,  other  mami- 
fartypDrs  were  forced  to  turn  their  attention  to  the  development 

^^    of    the    two-rycle    en- 
gine.  How  (ierk  s*jlveti 
J       the  prolrlem   with  fair 
success  hiis  l>een  at  read  v 


Fio.  11-25.  —  Pump  Card,  Clerk  Engine, 


shown.  He  was  fol* 
lowed  by  W'itti^  and 
Hei^  (18W)»  RenK  (1884),  Sohnlein,  Guldner  (1803-bmH),  Oeehcl- 
hau>*er  (IKOfi)  and  Krjertinp  (hSOS)  in  (lerniany,  RoVisnn,  Stnithal, 
and  Samson  in  England,  13enier  (1894)  in  France,  and  Miet?, 
and  Weiss  in  the  Unitefl  States.  Many  of  these  engines  are 
in  the  market  to-day ♦  and  some  are  descriljod  in  the  next 
chapter. 

With  the  fall  of  Otto's  claims  in  Germany  aliont  L*^85  the  field 
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became  free,  and  many  manufacturers  of  the  two-cycle  engine 
abandoned  it  for  the  more  simple  four--cycIe.  The  fall  of  this 
patent  was.  in  a  sense,  a  misfortune  as  far  as  the  two-eycle  engine 
was  coneernedt  as  it  held  back  the  development  of  that  type  of 
machine  at  least  ten  years.  It  is  only  within  the  last  six  or  eight 
years  that  the  very  obvious  advantages  of  the  two-^yele  principle 
again  received  the  attention  they  deserve.  On  the  other  hand, 
the  development  of  the  four-cycle  engine  after  1885  was  extremely 
rapid.  Thus  while  the  limit  of  power  was  about  4  B,  H.  E 
in  1878  ami  units  of  from  15-20  horse-ix)wer  could  b^  had  in  1880, 
the  limit  soon  rose  to  100  horse-power  in  1889  and  200  in  1893, 
Blast  furnace  gas  called  for  units  of  600  horse-power  in  1898, 
while  to-day  engines  developing  up  to  4000  horse-power  are  being 
bnilt-.  With  the  increase  in  size  up  to  the  neighborhood  of  200 
horse- power,  there  comes  an  increase  in  thermal  efficiency.  Thus 
a  Crossley  engine  of  12  horse- power  soon  showed  a  gas  consump- 
tion of  24.3  cu.  ft.  of  illuminating  gas  per  B.  H.  R  hour.  To-day 
efficiencies  exceeding  25  per  cent  on  the  brake^  wnth  lean  power 
gases,  are  not  rare,  and  Giildner,  by  intelligently  applying  sound 
principles  of  construction,  has  succeeded  in  obtaining  economic 
efficiencies  exceeding  30  per  cent. 

It  would  lead  too  far  for  the  scope  of  this  book  to  describe 
even  a  fair  percentage  of  the  various  four-eyele  engines  brought 
out  Ijetween  1885  and  1898.  The  most  prominent  names  con- 
nected with  the  lievelopment  of  these  engines  are  perhaps  Lout z Id 
in  Germany  (1888),  Delamare-Debouteville  &  Malandin,  who  in 
1900  brought  out  the  first  large  blast  furnace  gas  engine,  in 
lielgium,  Charon  in  France,  Cmssley  Brothers  in  England  (1892 
and  1898),  and  Westinghouse  in  the  United  States  (1896).  Four- 
cycle const  ant -pressure  oil  engines  were  developed  by  Capitaine 
(1889-91).  iirimnler  (1893-4).  and  Diesel  (1893-97)  in  Germany, 
The  Diesel  engine  is  to-day  one  of  our  most  important  internal 
combustion  engines,  and  is  considered  in  greater  detail  below. 
Among  the  delevopcrs  of  the  four-cycle  constant  volume  oil 
engine,  Daimler's  work  in  connection  with  the  high-speed  engine 
deserves  8j>ecial  mention.  Other  engines  of  this  type  brought 
out  in  this  period  are  Spiel  (1884),  Capitaine  (18,S5-90),  Priest- 
man  (1889),  Hornsby-Akroyd  (1892),  Banki  (1894),  and  Hasd- 
wander  (1898). 
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One  of  the  greatest  achievements  of  this  period  is  the  develop- 
ment of  the  Diesel  engine. 

Diesel, —The  history  of  the  Diesel  engine  is  interesting. 
It  began  in  1803  when  Rudolf  Diesel,  in  a  pamphlet  entitled 
"Theory  and  ConstnuUion  of  a  Rational  Heat  Motor  to  rephiee 
the  Steam  Engine  and  other  existing  Heat  Engines/*  laid  down 
the  following  "fundamental  requirements  for  a  perfect  com- 
bust  ion/* 

L  Attainment  of  the  highest  temperature  in  the  cycle/not  by 
means  of  combustion  and  during  the  same^  but  before  and  inde- 
pendent of  it  by  compression  of  air  alone. 

2,  Gradual  injection  of  atomized  fuel  into  this  highly  com- 
pressed and  heated  air  so  that  during  coml>ustion  no  rise  of 
temperature  takes  place,  i.e.,  the  combustion  shall  be  isothernud. 
For  this  purpose  the  process  of  combustion  cannot  after  ignition 
be  left  to  itselfp  but  must  be  governed  from  the  outside  to  main- 
tnin  proper  relation  between  pressure,  volume,  anti  temperature. 

3,  Correct  choice  of  weight  of  air  with  reference  to  the  heat- 
ing value  of  the  fuel  and  the  desired  compression  temperature, 
so  that  the  practical  operation  of  the  machine,  lubrication,  etc., 
shall  be  possible  without  water-eooling. 

It  is  interesting  to  follow  out  these  points  and  to  see  in  how 
far  their  object  has  Ijeen  attained. 

The  intended  fuel  was  coal  dust,  the  cycle  the  Carnot.  At 
the  very  outset,  however,  a  modification  was  made  in  the  cycle 
in  cutting  out  the  bothermal  compression  and  suljstitutjng  for 
it  ooe  stage  adiabatic  compression.  But  a  jacket  was  not  thought 
neoeesary,  and  in  fact  a  non-conducting  lining  for  the  cylinder 
wa«  demanded. 

Aa  a  consequence  of  the  above  pamphlet,  two  firms ^  Knipp 
in  Essen  and  the  Maschinen-fabrik  Augsburg,  undertook  the  con* 
struetion  of  exf)erimental  machines.  As  was  to  \}t  exi.ieeled, 
further  changes  from  the  original  idea  were  necessary,  the  two 
most  important  of  which  were  the  substitution  of  oil  for  coal 
dust,  and  the  use  of  a  water  jacket. 

I  In  1898  the  experimental  stage  had  been  so  far  piissed  (hat 
fiToter  could  report  test  figures  which  more  than  doubled  the 
thermal  efHciencv  of  the  then  existing  Otto  engint^.  The  final 
form  of  the  engine  as  now  constructed  is  shown  In  Figa.  11-26  to 


3S0 


INTEBNAL  COMBUSTION  ENGINES 


11-28,  which  repreBeots  a    Diesel   engine   built    by  Krupp  in 
1896* 

The  internal -cylinder  construction  offers  nothing  new;  a  is 
the  suction  valve  for  air,  b  the  fuel  valve,  and  rf  the  exhaust  val^^e, 
c  is  the  starting  valve  not  in  commission  during  ordinary  opera- 
tions. All  are  artnated  through  levers  by  cams  on  the  shaft,  /, 
which  is  operated  from  the  crank  shaft  through  the  intermediate 
shaft,  ej  A  is  the  air  pump  to  furnish  comprt^^d  air  for  fuel 
injection  and  for  starting.     Both  of  these  are  taken  from  steel 
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Figs-  11-26  tn  1 1-28.—  Di(,s*4  Engine,  1898, 


flasks  into  which  h  delivers;  i  is  the  oil  pump  under  control  of 
the  governor  which  regi dates  the  amount  of  oil  per  stroke  to  the 
load. 

On  the  first  down  stroke,  the  engine  takes  air  thmngh  a  and 
compresses  it  on  the  return  stroke  to  a  pressure  of  about  460 
pounds*  with  a  teraiierature  of  about  ll(K)  degrees  Fahrenheit. 
Just  l)efore  the  end  of  the  up  stroke  the  fuel  %^alve,  b,  is  oj^ned 
to  a  width  of  only  a  few  hundredths  of  an  inch,  and  the  injection 
air^  previously  compressed  to  about  630  pounds  by  pump  h,  flows 

•Gtildner,  p.  101* 
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into  the  compression  chamber, carrying  with  it  and  finely  atomizing 
the  oil  fumi^shed  by  the  pump,  u  The  oiJ  ignites  on  entering,  due 
to  the  high  compression  temperature.  In  spite  of  the  fact  that 
isothermal  combustion  is  intended,  the  lack  of  outside  control 
causes  a  rise  not  only  in  the  pressure  of  from  80-100  pounds, 
usually  not  very  noticeable  on  the  indicator  card,  but  also  a  rise 
of  temperature  approximating  18t)0  degrees  Fahrenheit.  Thus 
while  the  intended  mean  tem|x?rature  of  the  cycle  of  DiesePs 
pamphlet  was  ahtmt  350  degrees,  that  realized  in  actual  oj^eration 
is  about  950  degrees  Fahrenheit.  The  time  of  opening  of  the  fuel 
injection  valve,  6,  is  constant  for  all  loads,  but  the  effective  stroke 
of  the  fuel  pump,  i",  ends  the  sooner  the  lower  the  load,  thus 
effecting  regulation* 

After  the  closing  of  b,  expansion  eommenees  and  is  follo%ved 
by  exhaust  through  d  on  the  ret  urn  stroke. 

Tlie  engine  is  started  by  the  compressed  air  furnished  by  h 
during  a  previous  operation  and  stored  in  a  tank.  To  starts  the 
earns  on  the  shaft,  f,  are  pulled  to  the  right  by  the  lever,  g.  This 
puts  the  valves  a,  b  and  d  out  of  commission  and  starting  valve 
c  in  commission.  On  placing  the  crank  just  beyond  the  upper 
center,  and  opening  the  tank  valve,  the  engine  takes  compressed 
air  for  a  few  turns  just  like  a  steam  engine  takes  steam.  When 
the  required  momentum  has  been  obtained,  the  cams  are  re- 
leased and  are  snapped  back  Into  place  by  a  spring  at  the 
proper  time. 

The  history  of  the  development  of  the  Diesel  engine  is  interest- 
ing in  that  the  final  construction  departs  so  far  from  the  patented 
ideal  that  the  engine  of  to-day  does  not  seem  to  be  protected  by 
the  claims  of  that  patent.  The  fact  that  no  igniter  was  nece^* 
Enry  w^as  only  incidentally  considered  by  Diesel,  and  is  not  ex- 
pressly covered  by  the  patent. 

The  first  test  figirres  on  a  Diesel  engine  were  published  by 
Scbroter  in  1897.  The  dimensions  of  the  engine  were:  Cylinder 
diameter,  9M\  stroke  15.7",  rated  B.  H.  R,  18-20.  The  fuel 
used  was  American  kerosene  having  a  heating  value  of  18400 
B.T,U»  The  folfowing  tal)Ie  fihows  the  results  of  two  full  load 
trials  and  compares  them  with  some  of  the  theoretical  results 
figured  by  Diesel  in  his  pamphlet  of  1893.* 

•GUldaer,  p.  107. 
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CHAPTER  Xn 

MODERN   TTPiS  OF  IXTERXaI.  0>lC3r?T:03f   ZXGIMS 

The  previous  chapter  brought  the  •ieve>>pciKi.-  c-f  :be  lr.*enial 
combustion  engine  up  to  1S97.  Sir.-:*  :b«i  eiiA:L=>>n  La*  '««i 
very  rapid,  until  to-day  we  find  :Li:  :be  deadci  ot  &5  erijEir** 
has  been  standardized  in  the  meet  i:r.p»>na:::  lArioiilirs  jus:  ^ 
was  the  case  with  the  steam  engine  aC'se  «i«twi«ft  ajso.  I:  i*  in- 
tended in  the  present  chapter  to  give  a  bri^rf  d^s^hp^i-on  of  the 
most  important  engines  found  in  the  niarke?  to-day.  An  ex- 
amination of  the  market  will  show  soiiie  fairly  denniie  di^-isions 
among  manufacturers  as  far  as  size  of  engine  made  i*  cr>ncemed. 
Thus  there  are  but  a  half  dozen  firms  in  this  country/,  and  a  few 
more  than  this  in  Europe,  who  make  engines  up  to  the  ver>'  largest 
sizes.  It  is  comparatively  easy,  therefore,  to  describe  nearly 
all  of  these  various  engines,  and  this  is  ver>-  desirable  on  account 
of  their  importance.  Next  we  find  a  srjmewliai  larger  numljer 
of  medium  sized  engines  of  various  t^-pes.  and  lastly  a  ver>'  large 
number  of  engines  up  to  say  50  horse-power  5er\'ing  the  general 
commercial  field  for  small  powers.  It  is  of  course  impijssible  to 
cover  the  last  two  classes  of  engines  to  any  great  extent.  The 
majority  of  these  engines  do  not  differ  except  in  minor  details, 
and  for  these  reasons  the  following  list  has  Ijeen  confined  to  what 
seem  to  be  the  most  representative  machines  of  each  class. 

Regarding  the  general  features  of  design y  small  engines  are 
either  horizontal  or  vertical.  The  cylinders  are  almost  invariably 
single-acting,  multiplication  of  power  being  obtained  by  increas- 
ing the  number  of  cylinders.  The  vertical  offers  some  advan- 
tages over  the  horizontal  form,  in  that  the  foundation  need  not 
be  as  large  or  as  heavy.  Further  it  is  claimed  that  it  is  easier 
to  lubricate  the  cylinders  uniformly,  and  that  the  wear  on  the 
cylinder  is  less.  A  favorite  form  of  frame  for  this  type  of  engine 
in  this  country  is  the  box  frame  with  enclosed  crank  case,  using 
splash   lubrication.     Some    European   designers   object    to   this 
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form,  claimiDg  thut  all  supervision  of  crank  pins  and  interraediate 
bearings  is  by  this  form  of  frame  rendered  impossible.  The  small 
two-cycle  machine  almost  invariably  uses  the  enclosed  crank  case 
for  the  pre-com predion  of  the  mixture. 

What  has  been  said  of  the  small  machine  applies  in  general 
also  to  meiiium  sized  engines.     Vertical  machines  here  possess 
the  added  advantage  that  it  is  easier  to  dismount  them  by  means 
of  overhead  crane  than  is  the  case  with  horizontal  machines. 
The  limit  to  a  vertical  engine  comes  in  the  head  room  required  J 
For  this  reason  all  of  the  very  large  machines,  as  well  as  medium" 
sized  double-acting   machines  which   require   a  cross-head,  are 
horizontal.     Another  reason  that  may  be  cited  is  that  it  is  easieri 
to  operate  a  medium  sized  or  large  horizontal  engine  than  it  is  a 
vertical  because  all  climbing  or  mounting  platforms  is  avoided^ 
and  the  whole  installation  is  more  completely  under  t  he  operator's j 
eye.     Finally,  the  use  of  some  of  the  industrial  power  gases  favors 
the  use  of  the  horizontal  machine,  because  any  dust  carried  can 
be  much  more  easily  swept  out  of  a  horizontal  than  a  vertical]] 
cylinder   during   regular  operation. 

The  double-acting  engine  is  perhaps  not  used  as  widely  as  it 
deserves  to  be^  increase  in  power  being  generally  sought  by  multi* 
plying  the  single-acting  cylinders.  There  is,  however^  to-day  no 
reason  why  double-acting  cylinders  are  not  as  reliable  as  the 
single-acting*  For  large  machines^  double-acting  cylinders  are 
almost  an  economic  necessity,  and  the  clumsy  four-cylinder 
double-opposed  large  engine  has  become  thoroughly  obsolete. 
The  largest  engines  of  to-day  are  double  or  twin  two-eylinder 
tandem  double-acting  engines.  i 

The  very  obvious  disadvantages  of  the  trunk  piston  can  be' 
quite  successfully  overcome  for  small  and  medium  siised  machines, 
and  hence  it  is  almost  universally  employed  for  these  sizes.  But 
for  large  machines  the  use  of  the  triuik  piston  is  indefensible, 
being  opposed  alike  by  considerations  of  manufacture  and  of 
reliable  operation.  The  fitting  of  large  pistons  of  this  type  offers 
grave  difficulties  in  the  shop,  and  in  operation  proper  lubrication 
is  difficult;  further,  the  main  office  of  the  piston  is  to  confine  the 
gases  without  leakage;  to  make  it  also  act  as  the  machine  member 
to  take  up  the  lateral  thrust  of  the  connecting  n>d  may,  in  la^e 
machines,  seriously  interfere  with  its  main  purpose. 
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The  crank  shaft  of  small  and  medium  sized  engines  is  nearly 
always  of  the  center-crank  type.  This  type  is  very  rigid  and, 
above  all.  transmits  the  stresses  equally  to  both  sides?  of  the  frame. 
In  double  or  twin  machines,  however,  such  a  shaft  would  call  for 
four  main  bearings,  the  proper  alignment  of  which  might  cause 
some  trouble  in  large  engines  of  this  type.  For  this  reason,  some 
American  makers  pi-efer  the  side-crank  shafts  which  is  a  much 
less  costly  shaft  to  make,  and  reduces  the  number  of  bearings  for 
a  twin  engine  to  two.  Of  course,  the  side-crank  frame  takes  up 
the  explosion  stresses  eccentrically,  and  therefore  has  to  13© 
designed  heavier  than  the  center^crank  frame*  On  account  of 
this  fact  and  the  generally  higher  stresses  in  gas  engine  frames 
as  compared  with  steam-engine  frames?,  European  designers  will 
not  use  the  so-called  side  crank  or  Tungye  form  of  frunie. 

The  period  of  experimentation  in  design,  and  of  freak  design, 
has  largely  passed  in  gas-engine  practice,  and,  as  mentioned  at 
the  outset  of  thus  chapter,  standardization  has  made  welcome 
progress  during  the  last  few  yeans.  The  alcohol  engine,  now  in 
its  development  as  far  as  the  Unitefl  States  is  concerned,  does  not 
call  for  any  radical  changes  in  the  existing  designs  of  liquid  fuel 
eugines.  As  far  as  further  progress  is  concerned,  it  is  not  unhkely 
that  the  next  step  will  be  the  development  of  a  highly  efficient 
constant-pressure  gas  engine  after  the  manner  of  the  Diesel  liquid 
fuel  engines,  taking  up  the  thread  again  where  Brayton  left  it  in 
the  seventies. 

A.  Gas  Engines 

L  Small  and  Medium  Sized  Eptgines.  —  Among  the  best 
known  makers  of  small  and  medium  si^ed  gas  engines  in  this 
country  may  be  mentioned  the  Otto  Gas  Engine  Works  of  Phila- 
delphia ^  makers  of  the  Otto  engines;  the  Fairbanks-Morse  Com- 
pany; the  Jacobson  Machine  Manufacturing  Companyi  of  Warren , 
Pa,;  the  Jacobson  Engine  Company » of  Chester,  Pa.,  the  Struther&- 
Wells  Company  of  Warren,  Pa.,  makers  of  the  Warren  engine; 
the  Bruce-Meriam  Abbott  Company,  of  Cleveland;  the  Westing- 
house  Machine  Company;  the  Olds  Gas  Power  Company^  of 
Lansing.  Mich.;  the  De  LaVergne  Machine  Company  of  New  York, 
makers  of  the  four-cycle  Koerting  engines;  the  Weber  Gas  Engine 
Company  of  Kansas  City,  Mo,;  the  A.  H.  All>erger  Company  of 


Ftu.  12-1*  — '  WestiiigbouHe  Kugine. 

small  units.  A  10  to  15  horse-power  suction  gas  producer  for  hard 
coal  is  the  present  lower  limit  and  perhaps  the  exception,  while 
soft  coal  producers  in  their  present  state  of  development  do  not 
run  less  than  50  to  60  horse-powen 

The  Wesdingkouge  Gas  Engine. —The  cross-sectional  cut^ 
Fig,  12-3,  shows  the  essential  parts  of  the  Westinghouse  vertical 
engine.  In  this  typa  the  crank  mechanism  is  completely  enclosed, 
and  splash  lubrication  is  depended  upon  for  the  proper  oiling  of 
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the  inteniiecliate  bearings,  the  crank  pins  and  the  pistqns.  Both 
tbe  inlet  and  exhaust  valves  are  mechanically  operated  by  cams 
and  shafts  driven  from  the  main  shaft;  the  inlet  valve,  J,  by 
means  of  cam  B  and  lever  C,  the  exhaust  valve  E  by  cam  A  and 
the  roller  lever  shown.  The  igniter,  operated  from  the  inlet  cam 
shafts  is  located  at  F.  Gas  and  air,  after  passing  the  chamber  M 
m  the  proper  proportion,  enter  the  passage  A^  on  their  way  to 
the  inlet  valves.  The  engine  is  gov^emed  by  means  of  a  governor 
of  the  fly-ball  type  which  regulates  the  amount  of  mixture  enter- 
ing the  passage  ^V  (see  Chapter  XIV).     The  smaller  .^^izos^  of  this 
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Fio.  J  2-2,  —  We«tinghoi)ae  Engine. 


maehloe  have  two  cylinders,  and  can  generally  be  started  by 
band;  the  larger  sizes,  above  about  85  horse*power,  have  three 
cylijiders  and  are  generally  started  by  compressed  air^  which  is 
admitted  to  one  cylinder^  starting  the  engine,  while  the  other 
eylinders  operate  normally.  Figs,  12-2  and  12-3  show  general 
vwwB  of  three-cylinder  machines. 

Ejh^nes  tminufiirtured  undtr  the  Jaeobmn  Patrnh. — There 
are  two  firms  manufacturing  engines  under  these  patents,  the 
Jacolj^on  Engine  Company  of  Chester,  Pa,,  and  the  Jacobson 
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Machiiio  Manufacturing  Company  of  Warren,  Pa.  The  engine 
made  are  of  three  types^  hit-and-mias,  automatic  cut-off,  and 
tliroHling.  The  Warren  Company  make  hit-and-miss  engines 
from  24  to  25  horse-power  and  automatic  engines  from  8  to  27 
horse-power*  The  Chester  Company  make  hit-and-mbs  enginess 
from  30  horste-power  up,  and  automatic  cut-off  and  throttling  en* 
gines  from  33  horse-pow*er  up.  All  of  these  engines  so  far  men- 
tioned are  single-acting.     The  automatic   cut -off  and  throttUni^ 


Fuj.  12-3.  —  Westinghoiise  Engine* 

types  are  Ijutlt  as  single-cylinder  or  as  tandem  or  twin-tanc 
units*    The  Chester  Company  now  also  undertake  the  buildiiig 
double  acting  automatic  ci!t-off  or  throttHng  engine  as  tandc 
or  twin-tandem  miits  up  to  any  power  desired. 

The  structural  features  of  the  engines  built  by  the  two  cor 
panies  mentioned  are  of  course  very  nearly  the  same,  ao  that  01 
description  will  do  for  both. 

The  general  features  ni  the  hit-and-miss  machine  are  shown 
in  Fig,  12—4.  The  most  interesting  detail  of  the  design  is  perhaps 
the  removable  cylinder  bushing,  whicli  is  an  unusual  but  highly 
commendable  construction  for  small  engines.  This  not  only 
allows  of  choosing  I  he  proper  grade  of  metal  for  the  cylinder 
liarrel.  but  thermal  stress^es  are  also  avoided  by  admit ttng 
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transmitting  the  motion.  The  governor  k  of  the  fly-biill  type  and 
is  operated  by  the  lay  shaft.  When  the  speed  becomes  too  highj 
the  blade,  C,  Fig,  12'-*5,  put  In  position  by  the  govemorj  engages 
the  block  A  on  the  exhaust  valve  lever,  prevents  this  lever  from 
returning,  thus  holding  the  exhaust  valve  open* 


^^s^ 


VVW.VVVA;JLg 


cuvAnuia  irttm  one 


nm  TO  iThtMPMEiE 


:^^^ 


COaMttTIOII  RICH  U&HCt 


a«%  OUTIIT  Tb  civeiiit 


u 


^f^<^7i7^J'^^J9-J^^^J7^^J/JS^ 


h 


ItltT  T«  ui  Mm. 


iETx. 


I 

Flo.  12-0-  ^  Gas  Pressure  Regulator  for  JacoJbson  Engineg* 

Figure  12-4  also  shows  the  make-and-hreak  igniter.  One 
block  contains  both  elect roiies  and  the  location  of  the  spark  is 
central  as  regai'ds  the  volume  of  the  charge. 

This  engine  can  be  run  on  either  gas  or  gasoline,  depending 

upon  whether  a  gas  regulator  or  a  carbureter  is  employed.     The 

type  of  regulator  used  is  illustrated  in  Fig.  12-6.     Its  construction 

is  very  simple,  there  is  nothing  apparently  to  get  out  of  order. 

*»ned  that  this  regulator  furnishes  the  gas  to  the  engine ' 
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Fig.    12-7- — Jacob±jon    xAuto- 
matic  Cut'OfT  Engine. 


under  atmospheric  pressure  at  all  time^.  The  firm  makes  an 
attachment  which  allows  of  the  change  from  one  fuel  to  another 
at  a  moment's  notice. 

The  general  design  of  the  automatic  cut-off  is  the  same  as  for 
the  hit-and-miss  engine,  the  differ- 
ence being  in  the  governor  and  the 
valve  gear.  Fig.  12-'7  shows  the 
method  of  operating  the  inlet  and 
e:>chaust  valves  and  the  igniter.  The 
valve  gear  is  shown  in  greater  de- 
tail in  Fig.  12-S.  The  seats  and 
stem  bushings  are  all  easily  accessi- 
ble  and  replaceable.  The  exhaust 
valve  is  operated  in  the  ordinary 
way  by  a  cam  from  the  lay  shaft. 
For  the  inlet  valve  lever  an  eccen- 
tric is  used.  As  the  eccentric  rod 
R  uBeSf  it  pushes  upward  the  valve 
lever  Q  at  t  he  right  end  and  opens 
t  he  inlet  valve.  The  inlet  valve  spindle  carries  two  discs,  the  main 
inlet  valve  and  the  gas  valve.  Just  before  the  exhaust  valve 
closes,  the  gear  commences  to  open  the  inlet  valve,  but  only  air 
enters  since  the  gas  valve  V  remains  closed.  The  air  thus  enter- 
ing serves  to  scavenge  out  the  combustion  chamber.  A  moment 
later  the  valve  spindle  has  descended  far  enough  for  the  set 
collar  on  the  spindle  to  depress  the  gas  valve,  after  which  the 
mixture  begins  to  enter  the  cylinder.  Both  vah^ea  close  simul- 
taneously when  the  nose  of  the  eccentric  rod  R  is  forced  off  the 
end  of  the  valve  lever  by  the  action  of  the  inclined  plane  P.  The 
position  of  this  plane  is  deterndned  by  the  governor,  which  is  of 
the  fly-ball  type  and  directly  dn%-en  from  the  main  shaft.  Thus 
the  valve  always  opens  at  the  same  point,  but  it  closes  sooner  or 
kter;  depending  npon  the  load. 

Figure  12-9  shows  the  general  appearance  of  the  automatic 
cut-off  machine.  They  are  built  in  sizes  up  to  27  horse-power 
by  the  Warren  Company,  and  can  be  adapted  to  run  on  gasoline 
and  natural,  illuminating,  or  producer  gas.  The  twin  tandem 
type  is  shown  in  Fig.  12-10  and  is  built  in  sizes  above  100  B.  H,  P. 
for  producer  gas  and  above  120  B.  H,  P.  for  natural  gas  by  the 
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Flo.  12-15,  —  Detail   of  Bruce-Mer- 
jam* Abbott  Engine. 


the  cylinders  is  operated  through  spur  and  bevel  gears  as  shown- 

The  valves  are  of  the  poppet  type  and  are  located  in  the  head. 

Above  55  horse-power  they  are  held  in  separate  cages  which  are] 

eaijily  removable.     The  cam  shaft  operates  these  valves  hy  rockex' 

arms  on  either  side.    This  construction  is  more  clearly  shown  in 

Fig*  12-35.     An  excellent  feat  tire 
of  the  macliine  is  the  purely  cy- 
lindrical form  of  the  combustion  1 
ehamljer. 

Governing  iseffecteil  by  a  go v- 
emor  of  the  fly- ball  tyi^e  operated 
by  the  lay  shaft.  The  governor 
sleeve  operates  one  end  of  a  lever 
passing  between  the  cylinders,! 
the  other  end  supports  the  mix- 
ing valve » the  details  of  which  are 
shown  ill  Fig.   12-16.     Gas  and  I 

air  enter  the  annular  space  shown.      On  the  suction  stroke  of  the  ' 

engine  the  gas  flows  into  the  space  surrounding  the  piston  valvej 

and  mixes  with  the  air  by  flowing  out  through  the  port  abcmtj 

half  way  up.    The  two  combined  then  enter  the  interior  of  thej 

valve  through  the  six  ports  shown;  from  this  chamber  the  mixtumj 

goes  to  the  engine.     The  ix>sition  of  the 

valve  controls  the  amount  of  throttling  and 

thus  regulates  the  weight  of  the  charge 

going  to  the  engine.     It  is  stated  that  from 

full  to  no  load  this  valve  has  to  move  only 

^  inch. 

Jump    spark    ignition    is    used.     The 

method  of  supporting  the  spark  coil  and 

the  system  of  wiring  is  well  shown  in  Mg, 

12-'15p    The  timer  is  very  simple.    There 

are  tw^o  copper  pins  each  about  }-inch  rh- 

ameter  and  J  inch  long.     One  t>f  them 

projects  from  the  bottom  of  a  small  cup 

while  the  other  is  fastened  to  the  end  of  a  flat  spring,  and  dips 

down  in  the  same  cup.     The  spring  nuty  be  seen  at  .1,  Fig*  12-15. 

The  cup  is  filled  with  oil  and  the  points  are  normally  held  apart | 
all  distance*     Just  before  a  spark  is  desired  the  spring 


Fto,  12-16.  —  Mixing 
Vftlvc,  Bruc?e-Mer- 
iam-Abbott  Engtiie. 
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^pressed  by  means  of  a  cam^  the  cimiit  is  made  by  bringing  the 
points  in  contact  and  the  spark  is  produced  at  the  moment  the 
cam  releases  the  spring.  What  amounts  to  an  outside  spark  gap 
(see  next  chapter)  is  provided  so  that  the  spark  may  be  watched. 

To  convert  any  gas  engine  of  this  design  into  a  gasohne  engine 
it  is  neceiisary  merely  to  furnish  a  fuel  pump  and  to  replace  the 
iron  piston  valve  of  the  mixer  l>y  brass  or  bronze  to  prevent  rust- 
ing. To  retain  the  high  compression  used  witli  gas,  however, 
this  company  has  adopted  the  Bdnki  principle  of  injecting  water 
into  the  cylinder.     The  device  is  sjiid  to  give  entire  satisfaction. 

For  producer  and  natural  gas  this  firm  makes  engines  ranging 
from  25  to  200  horse-power,  two-cylinder  units  up  to  90  horse- 
power, and  four-cylinder  above  that.  The  design  of  these  engineis 
is  apparently  somewhat  different  from  those  above  deseril>ed, 
Fig.  12-17,  the  principal  change  being  that  the  lay  shaft  evidently 
runs  alongside  the  cylinders  instead  of  liietween  them.  The  cylin- 
der and  frame  construction  is  ollierwise  tlie  same,  but  the  interest- 
ing feature  about  the  design  is  the  fac't  that  the  center  line  of  the 
cylinder  is  offset  about  one-lialf  the  length  of  the  crank  from  the 
center  line  of  the  main  l>earing,  as  near  as  can  be  scaled  from 
the  drawing.  This  is  on  the  principle  of  the  Ramsey  crank 
mechanism,  the  idea  of  which  is  to  equalize  the  wear  due  to  the 
side  thrust  of  the  piston  against  the  cylinder  on  both  sides  of 
the  cylinder  and  to  improve  the  turning  moment.  Both  of  these 
aims  are  attainerl  with  a  moderate  offset  such  as  here  itsed. 

The  FairhiinkH,  Morse  tl*  Cotrijmny  Engines.  —  The  Fairbanks, 
Morse  &  Company  manufacture  a  miniljer  of  different  types  of 
engines.  f>oth  verticu!  and  horizontal,  for  gas  and  liquid  fueh 
The  general  features  (*f  the  hfjrizontal  design  are  shown  in  Fig. 
12-18,  It  api)ear?j  from  this  that  the  exhaust  valve,  at  the  side 
of  the  cylinder,  is  niechanically  operated*  while  the  inlet  valve 
placed  in  the  head  is  automatic.  The  governor  is  placed  in  the 
fly-wheel  and  may  l:>e  either  of  the  throttling  or  hit-and-miss  type. 
In  the  latter  case  it  operates  to  hold  the  exhaust  valve  open. 
The  ignition  gear  is  of  the  make-and-break  type,  arranged  so  that 
at  at  art  in  g  the  spark  may  be  retarded, 

Engioei  above  9  or  10  horse-power  are  fitted  with  a  self-start- 
ing device  which  consists  of  two  parts,  a  match  detonator  and  a 
hand  pump.     fk»th  are  shown  in  plan  in  Fig,  12-18  at  the  side 


liquid  fuel     Fi^.  12-19  illustmtes  an  engine  having  these  features. 

The  same  eompaiiy  also  builds  two  drntinut  types  of  producer 
gas  engines.  The  first  of  these  has  the  general  features  of  the 
standard  horizontal  engine  above  described,  the  second  is  quite 
different,  as  shown  in  Fig.  12-20.  In  this  design  both  valves  are 
of  the  vertical  poppet  type,  mechanically  operated  from  the  side 
sUiift,  fhe  inlet  valve  on  top, 
the  exhaust  at  the  bottom. 
As  in  the  other  Fairbanks  en- 
gines, the  ignition  is  by  make 
and  break.  The  governor  is 
of  the  fly-ball  type,  operated 
from  the  lay  shaft.  Regula- 
tion is  by  throttling  a  mixture 
of  constant  proportion. 

The  general  type  of  Fair- 
banks vertical  engine  is  shown 

in  Fig.  12-2L     These  engines     ^^^  r2-vj~  Fairlmnks-Mor^  Eagine 
are  built  for  any  kind  of  fuel.  for  Liquid  or  Gas  Fuel 
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Governing  is  effected  by  throttling  llie  raixttire;  mikke-anil- break 
igmtion  is  used.     Although  the  crank  case  is  enelosed,  lubrication 

is  positive  instead  of  by  tin 
splash    method   usually  er 
ployed  in  this  design. 

The  Koerting  Four-cych 
Gas  Engine.  —  This  CJerinar 
machine  is  manufactured  in 
rhls  euunir>*  by  the  De  I^i- 
\'ergnc  Machine  Company  of_ 
New  York.  The  general  h 
tures  of  the  design  are  clearij 
sliovvn  in  elevation,  Fifi 
12-22,  and  the  two  crog 
ticms,  Figs,  12-23  and  12-24 
Fk3.  12  2U.  —  Fajrb4inks^Mi>rse  Prodiucer  The  entire  design  gives  the 
as    agine,  impression  of  lieing  ^'ery  sult- 

stantial  and  thorough.  The  fmme  is  a  very  rigid  con^^t ruction 
and  the  cylinder  is  supported  l>v  the  frame  throo^lifiut  the 
length.  The  cyhnder  head 
is  a  somewhat  complieatetl 
casting.  The  inlet  and  out- 
let valves  are  placetl  verti- 
cally over  each  other  and  are 
operated  by  cams  from  a 
lay  shaft.  The  combustion 
chamWr  is  divided  by  a 
water-cooled  tongue  project- 
ing from  the  cylinder  head. 
The  purpose  of  this  projec- 
tion is  to  effectually  cool  the 
interior  of  the  combustion 
chamber  and  to  thus  draw 
down  the  compression  teni- 
perature^  admitting  of  hi^hpr 
compression.  The  mixing 
valve,  shown  at  the  left  of 


t_jt_ 


¥m,  J2-2h 


Engine. 

the  transverse  section  in  Fig.  12-24,  is  automatic.     Rcgulatioi 
is  effected  hy  means  of  a  govem<ir  of  the  Plartung  type  which^ 
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this  header  carries  the  mixing  valve.    This  valve,  Fig.  12-28,  ifi_ 
a  hollow  cylinder  divided  into  two  parts  by  a  transverse  partition 
Each  half  has  a  number  of  slotted  ports  which  in  certam  posltiona" 
of  the  valve  register  with  other  similar  ports  in  the  cage.     The 
valve  has  two  offices.     Its  position  up  or  down  in  the  valve  cage 
controls  the  ratio  of  air  to  gas.     If  moved  up  the  effective  gas  port 
area  is  reduced,  while  that  of  the  air  ports  is  increased  by  the  same_ 
amount,  and  vice  versa.    Thus  no  matter  what  the  gas  used^  tl 
total  effective  area  is  in  all  cases  the  same.    Rotary  motion 
the  valve  controls  the  cut-off  of  the  mixture  alon^  the  sucfioB 


J  j<,    IJ  _'M.       Huckeye  Two-cytle  Engine. 

Stroke.  This  action  is  controlled  by  a  Rites  inertia  governor 
which  operates  through  linkage  as  shown  in  Fig.  12-25* 

The  Buckeye  Two*cyde  Gas  Engine,  —  This  engine,  made  bj 
the  Buckeye  Engine  Company  of  Salem,  Ohio,  illustrates  a  type 
of  medium  sized  two-cycle  engine.  The  following  description  is 
taken  from  Power,  September,  1906.  It  is  a  single-acting  scav- 
enging twin  engine  and  can  be  made  to  operate  also  on  gasoline 
or  distillate. 

The  present  engine  has  two  motor  cylinders,  with  cranks  set 
at  ISO  degrees,  two  fuel  pumps  and  two  air  pmnps.  Fig.  12-29 
shows  the  side  of  the  engine  on  which  the  secondary  shaft  is 
located  and  gives  a  good  general  view  of  the  valve  gear.  Fig. 
12-30  is  a  sectional  elevation  of  one  element  of  the  twin  engine. 
The  piston  2  performs  a  double  duty;  in  addition  to  delivenng 
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le  power  of  the  explo- 
sions to  the  crank »  it 
compresses  the  char^ge 
in  the  chamber  IS  for 
delivery  to  the  com- 
btistiou  chamber.  The 
cross-head  6  is  in  the 
form  of  a  plunger  and 
acts  as  an  air  pump  and 
compressor  piston  in 
the  chamber  7.  The  ex- 
haust ports  are  opened 
by  the  piston  2,  as  usual 
in  engines  working  on 
the  two*stroke  cycle. 
These  ports  are  shown 
at  14,  14,  Fig,  12-30. 
Each  piston  compresses 
its  own  explosive  mix- 
ture, but  each  cross- 
head  plunger  delivers 
compressed  air  for  sca- 
venging to  the  CO r?i  bas- 
tion chamber  of  the 
olher  half  of  the  engine 
liniL  The  cycle  of 
operation  is  as  follows: 
When  the  piston 
unco  vers  the  exhaust 
portsp  the  scavenging 
valve  1 1  is  opened  by 
the  valve  gear  and  coni- 
presaed  air  at  alK)Ut  8 
pounds  per  square  inch 
is  admitted  to  the  com- 
bust  ion  chamber  from 
the  air  pump  of  the 
other  cylinder.  This 
air  blast  sweeps  out  the 
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burnt  gases^  and  the  admission  valve  10  is  then  opened,  admit 
ting  a  charge  of  gtia  and  air  inmi  the  compression  chamber  ISfl 
this  charge  iB  also  at  a  pressure  of  about  8  pounds  per  square 
inch.  The  piston  further  compresses  the  charge  on  Us  back 
strokej  as  usual,  and  it  is  fired  by  an  electrical  igniter.  As  the 
piston  travels  back,  compressing  the  charge  in  the  cylinder, 
draws  a  fresh  charge  into  tlie  front  end,  3,  of  the  cylinder  and  thi 
cross-heud  plunger  similarly  draws  in  a  charge  of  air.  Th« 
delivery  of  air  from  the  chamber  and  passages  7,  20,  and  19  u^ 
controUed  entirely  by  the  valve  11,  but  the  intake  of  air  by  the^ 
plunger  5  is  controlled  by  a  piston  valve  63,  Fig.  12-31^  which 
takes  air  from  the  chamber  68,  connecting  with  the  atmosphere 
through  the  base  of  the  engine,  and  delivers  it  to  the  chamber  6D, 
which  is  connected  to  the  cross-head  cylinder  of  the  other  half 
of  the  engine.  The  piston  valve  62  takes  in  a  mixture  of  gas 
and  air  through  the  chamber  67,  which  is  connected  with  the 
supply  source,  and  delivers  it  to  the  fuel  pump  3,  Fig.  12-30, 
through  a  balanced  throttle  valve  60,  Fig,  12-31.  The  fuel 
pump  then  forces  the  mixture  back  through  the  throttle  valve  60 
to  the  admission  valve  cage.  The  throttle  valve  thus  regulates 
both  the  quantity  of  mixture  drawn  in  by  the  pump  and  the 
quantity  delivered  by  the  pump  to  the  combustion  chamber. 
The  mixture  and  air-intake  valves  are  operated  by  connecting 
roda  from  a  rock -shaft,  as  indicated  in  Fig.  12-31 ;  the  rod  38 
actuates  the  corresponding  valves  for  the  other  half  of  the  engine. 
This  rock-shaft  is  oscillated  by  an  eccentric  on  the  main  shaft 
and  an  eccentric  rod. 

The  governor  is  of  the  fly-ball  spring-opposed  type  and  serv< 
merely  to  control  the  position  of  tlie  balanced  throttle  valves 
the  fuel  passages.  Since  the  cylinder  is  filled  w^ith  scavenging 
air  every  atrokCt  the  variation  of  the  amount  of  mixture  admitted 
does  not  vary  the  compression  pressure  but  merely  varies  the_ 
richness  of  the  cylinder  contents. 

The  engine  is  equipptnl  with  both  make-and-break  and  jumj 
apark  igniters^  but  the  former  arc  ordinarily  used. 

The  Fairbanks  Engine.  — The  Fairbanks  improved  horiisontj 
enigne  is  of  the  four-cycle  type  and  made  to  operate  on  gas  o^ 
on  gasoline,  distillate  or  alcohol. 

The  general  appearance  of  the  engine  is  well  shown  in  Fig  J 
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12-32  which  shows  the  ^iis  engine  from  the  governor  side,  whJ 

Fig.  12-33  gives  a  froat 
view  of  the  same 
chine.  T  lie  cy  Under  i 
partly  supported  by 
the  frame  J  as  shown. 
Cylinder  jacket  wall 
and  cylinder  head  are 
cast  ill  one  piece,  doing 
away  with  all  jackets. 
Both  valves  of  the  pop- 
pet type  work  upward 
and  are  mechanically 
operated*  Fig,  12-34 
shows  the  position  of 
these  valves  at  the 
is  placed  in  a  separate  cage. 


Fia>  12-32.  —  Fairbanks  Engine. 


head  of  the  cylinder.  Each  valve 
and,  when  closed,  the  valve 
face  is  practically  flush  with 
the  wall  of  the  combustion 
chamber.  This  results  in  a 
'combustion  chamber  of  very 
simple  form.  The  lay  shaft 
at  the  side  of  the  engine  is 
driven  by  two-to-one  gearing 
from  the  crank  shaft.  It  car- 
ries, Fig.  12-32,  first  the  bevel 
gear  for  operating  the  hit- 
and-miss  fly- ball  governor; 
second  a  clutch  arrangement 
for  making  and  breaking  the 
connection  between  the  inlet 
and  igniter  cam  sleeve  and  the 
lay  shaft;  third,  the  exhaust 
valve  cam,  and  lastly  the 
sleeve  carrying  the  inlet  valve 
and  igniter  came.  The  gov- 
ernor acts  by  interposing  a 
pick  blade,  prevents  the  ex- 


¥m,  12-33.  ^  Fairtionkjs  Engine. 
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haust  valve  lever  from  retuniing,  and  thus  blocks  the  exhatist 
valve  open,  In  this  position  a  projection  on  the  exhaust  valve 
lever  unlocks  the  clutch  above  mentioned,  breaks  the  connection 
between  lay  shaft  and  inlet  cam  sleeve,  causing  the  latter  to 
remain  stationa^3^  The  inlet  valve  then  fails  to  open  as  long  as 
the  governor  does  not  withdraw  the  blade.  It  is  possible  to 
change  the  speed  of  the  engine  tluough  a  certain  range  by  adjust- 
ing the  governor  during  operation. 

The  ignition  system  is  of  the  nmke-and-break  type,  as  is  clearly 
indicated  in  Fig.  12-33.  The  electrodes  are  contained  in  one 
blocks  whieh  is  easily  removable  for  inspection. 


FiQ.  12^34*  —  Cylinder  Construction,  Fairbanks  Engine. 


Tlie  method  of  operating  the  gas  valve  by  means  of  the  main 
inlet  valve  lever  is  also  shown  in  Fig.  12-33. 

The  Fairbanks  gasoline  engine  is  in  all  respects  similar  to  the 
gas  enghie  alx)ve  described,  except  that  the  mixing  valve  shown 
at  tlje  loft  of  Fig.  12-33  is  replaced  by  a  simple  type  of  o%^erflow 
carbureter  which  is  supplied  by  a  gasoline  pump  operated  by  a 
cam  on  the  lay  shaft. 

The  Fhdfuidphia  Olio  Engine,  —  The  general  features  of  the 
dc-sign  of  this  engine  are  shown  in  Figs,  12-35  and  12-36.  These 
particular  drawings  refer  to  a  30  horse-power  illuminating  gas 
engine,  but  the  same  design  is  carried  out  in  all  horizontal  engines 
from  5  up  to  and  including  40  horse-power.  Excellent  features 
of  the  construction  are  the  separate  cylinder  liner  and  the  remov- 
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cally  operated  by  means  of  a  straight  push  rod  and  cam.     Ig^ 
tion  i3  by  make  and  break*     The  governor  is  of  the  hit-and-miss 
type  and  operates  to  hold  the  exhaust  valve  open.    The  mixing 
arrangements  are  not  specially  described  in  the  available  informa- 
tion on  this  engine. 

Type  K  engines  are  of  somewhat  different  design  and  embody 
in  their  make-up  the  best  and  most  advanced  ideas.  A  general 
view  of  the  machine  is  given  in  Fig.  12-39.  Among  the  excellent 
features  of  this  design  are  the  following:  The  jacket  wall  Is  in- 
tegral with  the  frame.    The  cylinder  liner  13  made  of  a  grade  of 
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Fm.  12^9,  —  Olds  Type  K  Engine. 


metal  especially  adapted  to  the  service  and  consists  of  a  straight 

cylinder  with  a  flange  at  the  outer  end.  This  flange  is  received 
into  the  frame  and  is  held  in  place  by  the  cylinder  head.  This 
construction  allows  of  even  and  unrestricted  expansion*  The 
cylinder  head  contains  the  openings  for  the  inlet  and  outlet  valve 
cages  and  is  designed  with  the  greatest  possible  regard  to  expan» 
sion  and  cooling  stresses*  The  foUoi^nng  description  of  the  valve 
mechanism  is  taken  from  the  catalogue  published  by  the 
company. 

The  inlet  and  exhaust  valves  are  of  the  vertical  poppet  type, 
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meehanieally  operated  and  working  in  long  guides  in  the  same 
vertical  axis  with  the  inlet  valve  at  the  top  and  the  exhaust 
Talve  at  the  bottom.  The  inlet  valve  and  gas  valve  have  a  com- 
mon stem  and  the  cage  is  so  arranged  that  a  thorough  mixing 

k  occurs  just  at  the  entrance  to  the  cylinder.  The  gas  valve  opens 
slightly  later  than  the  air  valve  and  by  special  construction  used 
a  perfect  seating  of  both  valves  is  assured  at  all  times.  On  the 
smaller  sizes^  by  removing  the  inlet  valve  cage  the  extiaust  valve 
rfectly  accessible,  while  on  the  larger  sizes  the  exhaust  valve 
be  removed  together  with  its  hollow  water-cooled  seat  with- 
out disturbing  the  inlet  valve.  This  is  easily  done  as  its  weight 
is  counterba lancet! .  Bot  h  valves  are  operated  by  a  single  cam 
which  is  designed  so  as  to  have  a  quick,  full  valve  opening,  with- 
out noise  or  clatter.  Valves  and  valve  ports  are  of  lil>eral  sizes 
60  undue  throttling  is  avoided.  The  valve  springs  are  of  the 
highest  grade  spring  steel,  and  rest  on  plates  which,  being  sup- 
ported on  ball  and  socket  joints,  do  away  with  side  thrust.     All 

J  parts  and  particularly  all  bearings  are  made  of  ample  dimensions 
with  provision  fur  oiling  every  wearing  surface.     The  lay  shaft 

1  which  is  driven  from  the  crank  shaft  through  spiral  gears  operates 

(the  valve  mechanism,  governor  and  ignition  mechanism. 

The  speed  is  controlled  by  a  governor,  apparently  of  the 
Harlujig  type,  which  is  driven  from  the  lay  shaft  and  serves  to 
throttle  the  mixture  admitted  to  the  cylinder. 

Figure  12-4()  gives  a  good  view  of  the  ignition  arrangements. 

BBtfe  current  is  supplied  by  a  low-tension  make-and-break  Bosch 
Trnagneto,  the  operation  of  which  is  explained  in  Chapter  XHL 
The  point  of  ignition  can  be  easily  changed  during  operation  by 
adjusting  the  lever  along  the  row  of  holes  A-R. 

The  Warren  Engines.  —  Tlie  8t  rut  hers- We  lis  Company  of 
W&iren,  Pa,,  manufacture  various  types  of  engines,  both  hit- 
and-miss  and  throttling,  all  operating  on  the  four-cycle  prin- 
eiple. 

For  ordinary  power  purposes  the  firm  builds  the  single- cylinder 
hit-and-miss  engine  illustrated  in  Fig.  12-41,  This  engine  is  made 
in  sizes  from  10  to  90  horse-power.  Above  30  H,P*  the  instal- 
lations are  equipped  with  special  starting  devices. 

All  of  the  other  tj-pes  are  appai^ntly  governed  by  throttling. 
The  next  higher  range  of  power,  35  to  2tK)  horse-power^  is  covered 
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by  the  two-cylinder  throttling  engine  shown  in  Fig,  12-42,     The 
manner  of  governing  is  cieurly  indieateii. 

A  special  type  of  the  two-cylinder  engine,  far  which  maxim utiiI 
economy  and  closest  regulation  is  claimed,  is  ^hown  in  elevation' 
in  Fig,  12^3.    This  engine  is  made  in  two  sizes  only,  110  and 
125  horse-power.     From  the  vertical  section,  Fig,  12-44,  showin| 
the  cylinder  construction,  it  in  seen  that  the  cylinder  barrel  and 
jacket  are  cast  in  one  piece*     The  valves  are  of  the  vertical  p^jpf 


Fici.  12-40,  —  Igniter  Details,  Okb  Ty\iv  K  KiigtJie* 

type,  opening  upward,  and  are  placed  in  a  valve  cage  Integra 
with  the  cylinder  head.    The  manner  of  operatbig  these  valve 
by  cams  and  levers  from  a  valve  shaft  running  across  (he  engini 
under  the  cylinders  i,s  shown  in    l>oth   Figs,    12-43  and   12^4/ 
Governing  is  effected  by  throttling  the  mixture  in  the  fiupply  pijie 
Just  before  it  divides.     The  centrifugal  governor  and  its  linkage 
are  indicated  in  Fig.  12-45.     In  some  cases  the  governor  is  locate 
between  the  cylinders  as  shown  in  Fig*  12^3.     A  cross-sect ioi 
through  the  vaK'e!  chest,  Fig.  12-40,  shows  the  method  of  operat 
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Fie*  12-45.  —  Fkn  of  Warren  Two^ylindcr  Engine 


L  12-46,  —  Croa*^section  through  Valve  Clteat,  W'urnju  Two*cylmder  En- 
gine. 
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ing  the  make-and-break  igniter,  and  the  location  of  the  starting 
valve  in  the  valve  cheist  cover  just  above  the  exhaust  valve 

Warren  engines,  covering  the  range  from  200  to  325  ho 
power,  are  of  the  tandem  single-aetmg  tyfje^  a  general  view 
which  is  shown  in  Fig.  12-47.    The  cross-section,  Fig.  12-48,  show 
the  cylinder  construction,  which  is  unique  in  some  of  its  featu 
The  back  part  of  the  main  frame  forms  the  jacket  wall  for  the 
front  cylinder.     The  cylinder  barrel  itself  is  cast  in  one  piece  with 
the  cylinder  head.    The  construction  of  the  back  cylinder  is 
similar.     The  distance  piece  between  the  two  cylinders  rests  on  a 
separate  base,  and  forms,  for  a  portion  of  its  lengthy  the  jacki 
wall  for  the  rear  cylinder.    The  front  piston  is  of  the  ordinal 
trunk  type.     The  back  piston  is  longer  than  is  usual  in  pistons 
not  subject  to  side  thrust.    The  method  of  water-coo  ling  pist 
and  rod  is  clearly  shown. 

The  valves  are  of  the  vertical  poppet  type  held  in  separat 
cages  which  are  easily  removable.     The  exhaust  valves,  at  the  hot 
torn  of  the  cylinder,  are  water-cooled.    The  valve  getir  is  showt^^ 
in  detail  in  Fig.  12-49.     Both  valves  are  openited  from  the  sam^ 
cam  on  the  lay  shaft.    The  operation  of  the  exhaust  valve  is  clear— 
The  motion  of  the  inlet  valve  varies,  depending  upon  the  load- 
The  valve  opens  and  closes  alwa>'s  at  the  same  time,  because  th^ 
lift  of  the  actuating  cam  is  not  changed  throughout  the  entire 
range  of  load.    The  governor,  however,  through  the  linkage  shown , 
controls  the  position  of  the  sliding  block  above  the  valve  lever, 
moving  it  in  or  out,  depending  upon  whether  the  load  falls  or  rises. 
This  block  acts  as  the  fulcrum  about  which  the  valve  lever  turns, 
and  hence  tlie  lift  of  the  valve  is  made  proportional  to  the  load. 
The  inlet  valve  stem  carries  the  gas  valve.    The  latter  opens 
somewhat  later  than  the  main  inlet  valve*    The  manner  of  mix- 
ing gas  and  air  is  clearly  indicated  in  the  figum.     Butterfly  valves 
in  the  air  and  gas  passages  serve  to  help  control  the  proptulions 
of  the  mixture.     The  ignition  system,  operated  from  the  lay  shaft 
as  shown  in  Fig.  12-49,  is  of  the  make-and-break  type. 

The  Strut  hers- Wei  Is  Company  also  buikls  vertical  engines 
to  600   horse-power.    The  older  multi-cylinder  types  of  th 
machines  are  practically  nothing  but  two  or  three  separate  engines 
direct  connecleil.     Thus  a  450  horse-power  unit  now  in  operatinn 
consists  of  three  engines  with  two  fly-wheels  between  the  cylinders. 
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In  the  later  designs  this  bas  been  modified.  A  600  tior^e- power 
vertical  engine  lately  eonipleted  is  of  the  four-cylinder  4-frame 
type  mounted  on  a  s<jlid  liedplatc  witli  the  fly-wheeb  at  the  end 

2.  LARLiti;  Ga!^  Encimeb.  —  Lar^e  gas  engines  of  America 
design  are  manufactured  by  the  West  ingho  use  Machine  Com  puny, 
by  the  William  Tod  CompunVi  Yuungatuwn,  Ohio,  by  the  Sue 
Steam  Pump  Company,  Buffalo,  by  the  Kiver^ide  Engine  Cob 
pany,  Oil  City,  Pa,,  and  by  the  Wisconsin  Engine  Co.,  of  Corlii 
Wis.,  makers  of  the  Sargent  engine.  There  are,  however,  a  h 
other  firms  making  large  engines  of  foreign  design.  Thus  t| 
De  La  Vergne  Machine  Company  of  New  York  make  the  Koertii 
two-cycle  engine,  and  the  Power  and  ^Mining  iMachinery  Compai 
the  Croaaley  engine.  The  Allis-Chalmers  Company,  who  bt 
the  Niirnljerg  engine,  have  apparently  an  engine  on  the  mark 
that  is  not  strictly  fjf  Niirnberg  design.  Besides  thei^e  wc 
known  machines  made  in  this  country,  the  Premier  engine  niEL^ 
in  England,  the  Cockerill  engine  made  in  Belgium,  nnd  the  Ger- 
man Oechelhauser  and  iJeutz  engines,  sh<nild  i>e  mentione 
The  Oechelhauser  and  Koerting  engines  are  made  under  licem 
by  a  number  of  firms  in  Germany,  and  in  the  ciiseof  the  Koerting 
engine  J  also  idiroad.  While  it  has  in  general  lx^*n  easy  to  get 
sufficient  descriptive  material  on  the  above-mentioned  engine 
this  does  not  apply  to  certain  machines  of  American  design,  an 
the  information  given  i.s  hence  somewhat  meiiger. 

The  Westlntjhouse  Horizonial  Engine.  —  There  seems  to 
available  practically  no  definite  infrjrmation  on  the  const ruclli 
details  of  the  Westinghouse  horizontal  ihjuble-acting  tandem  en- 
gine.* The  older  type  apparently  used  the  center  crank  and  the 
combustion^  or  at  least  the  valve,  ehaniljers  w^ere  placed  at  the 
sides  of  the  cylinders.  The  later  tyjK^s  of  horizontal  engines  built 
by  this  company  approach  much  nearer  to  established  Europea 
practice.  Thus  the  engines  installed  in  the  power  plant  of  tt 
W^arren  and  Jamestown  railway  system  have  the  valves  in  v\ 
central  lines  of  the  cylinders,  as  shown  in  Fig,  12-50.  The  late 
design  is  shown  in  Fig.  12-51|  which  represents  a  3(M)0  horse- pow< 
unit  for  the  power  plant  of  the  Carnegie  Steel  Company  at  Besse- 
mer, Pa.     In  this  tyi:»e  the  side  crank  is  used,  but  outside  of  this 

•  A  fall  dt^rriptiou  of  the  Westinghotisc  Engiue  hii»  juat  appeared  in 
Power,  April,  J  908.  ^ 
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nders  and  ©haft.  The  foundation  level  under  the  cylinrlers  being 
Several  feet  lower  than  under  the  frarnef^,  leaves  ample  room  lie- 
pw  the  cyUnders  to  make  the  exhaust  valvesi  etc,,  easily  aeees- 
iWc  a  ver^'  de*sirable  but  somewhat  unusual  feature. 
I  **  The  cylinders  and  water  jacket £i  are  integral  and  east  in 
Ialve8,  secured  together  with  flanged  joints  at  the  center.  The 
flinders  are  not  attached  din^etly  to  the  main  bedplates  nor  to 
»ch  other,  but  are  suppfirted  by  the  tie  pieces  in  such  a  way 
;liai  the  barrels  themselves  are  entirely  free.  All  strains  are 
aiinsmittetl  through  four  heavy  forged  steel  tie  bolts  extending 
Aw  entire  length  of  the  cylinders,  and  atiaehing  directly  to  heavy 
%xgB  on  the  bedplate.  This  obviates  the  tmnsmissiou  of  the 
tt rains  through  the  cylinder  walls,  and  contributes  to  aecessibllity 
ind  the  ejisy  removing  of  parts.  The  pistons  are  of  steel,  with 
pasJ-imn  junk  rings,  and  the  pistons  and  rods  are  water-jacketed 
B  the  Ui^iial  manner  Adjust alile  tail- rod  supports  take  the  weight 
of  the  pisttjus  and  hkIs  from  the  eylindei"s, 

•*  The  valve  gear  is  driven" by  eccentrics,  ehminating  entirely 
the  cam  tlrive,  which  hits  Ijeen  an  objectionable  feature  of  many 
|>f  the  gas  engines  heretofore  built.  There  is  one  eccentric  for 
lach  end  of  eaeh  cylinder,  which  drives  l>oth  the  inlet  and  exhaust 
rah'es  —  an  arrangement  that  reduce>s  the  numlier  of  parts. 
The  eccentrics  are  mounted  on  two  lay  shafts  running  parallel 
;o  the  axes  of  the  cyUndei's.  The  latter  are  driven  by  a  crosa 
ihaft,  wliich,  in  turn,  derives  its  motion  from  two  eccentrics 
mounted  on  the  main  sjhaft.  The  inlet  valves  are  on  top  of  the 
sylinders*  and  the  exhaust  valves  on  the  bottom.  The  inlet  valve 
>roper  is  of  the  mushroom  type,  sealing  the  ports  from  the  pres- 
lurc  in  the  cylinders.  The  main  valve  is  operated  by  a  rolling 
0ver  and  returned  to  its  seat  by  a  spring.  The  mixing  valves 
ind  governor  valves  are  of  radial  gridiron  tyi>e,  and  are  located 
n  the  upfjer  section  of  the  valve  bonnet.  The  mixing  valves 
nay  \ye  operatetl  individually  or  collectively  by  a  suitable  hand 
mechanism.  The  governor  valve  w^hich  controls  the  admi.ssion 
rf  gas  has  constant  travel*  the  time  of  o|)ening  being  eontroUeil 
)y  the  governor  by  either  increasmg  or  decreasing  the  angle  of 

mnce  of  the  crank  which  operates  them^  since  the  engine  is  of 

conata nt-com pression  t  y i>e. 

'*The  governor  is  of  the  fly-ball  pattern  and  is  in  duplicate^ 
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one  controlling  the  operating  valves  on  each  side  of  the  en^ 
The  two  are  driven  by  Morse  chains  through  a  flexible  coupling, 
and  are  connected  by  a  cross  rod  which  may  be  removed  in  case 
it  is  deiiired  to  operate  either  side  of  the  engine  alone. 

**Each  end  of  each  cylinder  is  equipjjed  with  two  igniters^  one 
operated  mechanjcally  and  the  other  by  a  solenoid.  Either  may 
be  used  independently  or  the  two  together.  The  igniters  are 
under  control  of  the  go%*emor^  and  when  the  engine  is  at  reat  are 
automatically  thrown  back  to  the  dead  center.  The  ignition  is 
on  the  make-and-break  system ,  using  direct  current  at  90  volts* 
supplied  by  a  motor  generator  set,  w^hich  is  so  designed  that 
either  end  may  be  used  as  a  motor  or  a  generator,  or  both  may  be 
used  as  generators  by  driving  directly  from  the  engine  shaft. 
Connected  in  series  with  each  igniter  is  a  tell-tale  lamp  on  the^ 
switchboard,  giving  a  positive  indication  as  to  whether  or  not  thfl 
igniters  are  sparking,  short-circuited  or  burnt  out/* 

The    Sargent    Engine.  —  The    Sargent    complete    expansion^ 
engine,  made  by  the  Wisconsin  Engine  Company  of  Corliss,  Wis.j 
is  shown  in  general  elevation  in  Fig.  12-55  and  in  transverse  seo^ 
tion  in  Fig,  12^56.     As  ftir  as  the  constructive  details  of  this  en- 
gine are  concerned,  it  has  the  merit  of  great  simplicity.    The 
engine  is  built  as  a  double-acting  tandem.     There  is  but  one  valve 
to  control  admission  and  exhaust  for  each  end  of  each  cylinder, 
and  but  a  single  cam  to  perform  these  various  offices,  while  a 
second  cam  operates  the  igniter.    The  lay  shaft  is  driven  from 
the  main  shaft  by  a  pair  of  worm  gears.     The  governor  is  of  the_ 
inertia  type,  the  Rites,  and  operates  to  advance  or  retard  the 
lay-shaft,  thus  controlling  the  time  of  cutting  off  the  admission' 
of   the   incoming  charge  to  the  cylinder.     This   construction   ia 
decidedly  different  from  that  iised  by  other  designers. 

The  combination  valve  is  shown  in  cross-section  in  Fig.  12-56p  ' 
Its  operation  is  described  as  follows: 

'*Gas  is  piped  to  the  chamber  A  in  the  sub-base  and  air  to  the 
chamber  /?,  which  pass  through  tlie  cylinder  supports  to  the* 
chambers  A'  and  8%  ready  to  pass  into  the  mixing  chamber^ 
when  the  cam  depression  M  N  paas^  the  roller  and  the  ports 
in  the  piston  valve  register  with  the  ports  E  and  D  in  the  bush- 
ing.   When  the  piston  valve  goes  down  to  this  position,  the  con- 
fined air  in  the  piston  valve  dash-pot  forces  open  the  poppet  valve, 


MODERN  TYPES  OF  COMBUSTION  ENGINES 


313 


holding  against  no  pressure^  works  Ino.'^ely  in  its  bujihing,  cutting 
off  the  admission  and  guiding  the  exhaust. 

**Asthe  poppet  valve  controls  both  the  inlet  and  outlet  gases, 
l^oth  the  valve  and  seat  keep  cool  and  need  to  Ije  ground  not  over 
once  or  twice  a  year.  The  nierlmnLsm  in  simple  andj  as  the  roller 
is  alwa}^  bearing  on  the  cam,  the  valve  motion  is  practically 
noiseless." 

By  revolving  the  piston  valve  by  the  index  wheel,  the  blind 
port  S  varies  the  mixture  to  suit  the  gas  whether  it  has  100  or 
1000  B.  T,  V.  per  cubic  foot. 

The  fundamental  idea  of  the  Sargent  engine  is  to  get  complete 
expansion  of  the  charge  in  the  ey linden  In  the  ordinary  engine, 
which  at  full  load  draws  in  the  charge  to  the  full  stroke  of  the 
piston,  or  nearly  st»,  tiie  terminal  pressure  is  anywhere  fmin  25 
to  50  [xjunds,  and  the  final  tem|}erature  over  KXIO  degree-s  P'ah- 
renheit.  Sargent  claims  that  liis  engine,  cutting  off  the  stroke  at 
fall  load  at  three-quarters  of  the  suction  stroke,  will  show  a  ter- 
minal pressure  slightly  above  atmosphere  and  a  temperature  of 
about  400  degrees  Fahrenheit*  The  t^ystem  of  speed  regulation 
by  cutting  off  at  various  points  along  the  suction  stroke  is  one 
used  by  sevenil  makers,  but  in  nearly  all  cases  the  engines  cut  off 
iit  nearly  full  stroke  for  full  load,  that  is,  at  full  loatl  the  ratio  of 
corapression  is  nearly  equal  to  the  ratio  of  expansion.  In  the 
Sargent  engine  the  ratio  of  expansion  alwa\'s  exceeds  the  ratio 
of  compression,  and  a  lowering  {>f  the  terminal  pressure  and 
temperatune  Is  of  course  the  result.  There  is  no  doubt  that  this 
bwering  of  the  tem|ierature  has  a  great  deal  to  do  wnth  any 
success  that  the  use  trf  a  combination  valve  such  as  descriljed 
above  may  liave.  In  the  Sargent  engine  the  rated  power  is 
develoi>e<i  when  the  gitvemor  cuts  the  admission  off  at  three- 
quarter  stmke;  the  rest  of  the  stroke  may  be  considered  potential 
over-capacity.  In  sjnte  of  the  fact  that  ordinary  experience 
shows  a  gas  engine  to  be  most  efhcient  when  it  is  developing  its 
maximum,  not  the  rated,  load  ^is  long  as  normal  sjx*ed  Is  main- 
tained, the  claim  is  made  for  this  engine  that  its  Ijest  efficiency 
is  obtained  when  cutting  off  at  three-quarter  stroke. 

The  Koertin^  Tit'o^ifcle  Enginv.  —  The  Koerting  engine  is  of 
German  design,  made  in  this  cuuiUry  by  the  Ik*  ha  V'ergne  Marliine 
Company  of  New  York,    This  is  one  of  the  two  successful  large 
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two*cycle  gas  engines  in  Europe p  the  other  being  the  Oechel- 
haujser,  not  made  in  America,  Koerting  two-cycle  engines  are 
now  made  by  several  German  firms,  whose  constructions  differ 
somewhat  among  themselves  and  from  the  parent  design,  nminly 
in  frame  and  governor  details.  The  latter  seem  to  have  an  im- 
portant bearing  upon  the  amount  of  work  done  by  the  pumps. 
The  type  made  by  the  De  La  Vergne  Machine  Company  ib  best 
illustrated  from  the  catalogue  of  the  firm.  Fig.  1 2-^57  sbows  a 
cross-sectional  elevation  and  a  plan  of  this  machine,  used  in  this 
case  as  a  blowing  engine.  It  Is  seen  that  the  engine  has  but  a 
single  cylinder  which  is  double-acting.  There  are  thus  exactly  »he 
same  number  of  power  impulses  per  turn  as  in  a  single-cylinder 
steam  engine.  The  piston  is  very  long»  about  seven-eighths  uf  the 
stroke,  and  is  of  course  water-cooled.  This  makes  it  necessar)^ 
to  support  its  weight  at  the  cross-head  and  at  a  tail-bearing  to 
save  both  cylinder  and  stuffing-boxes.  At  the  side  of  the  piiwer 
cylinder  there  are  a  gas  and  an  air  pump  which  furnish  gas  and 
air  by  separate  passages  to  the  mixtiu-e  inlet  valves  at  the  top  ol 
the  cylinder.  The  manner  of  driving  these  pumps  from  a  side 
crank  and  of  operating  the  piston  valves,  which  control  them, 
by  means  of  rocker  arms  driven  by  an  eccentric  from  the  mam 
shaft,  is  clearly  shown  in  Fig.  12-58.  Fig.  12-59  ithmt rates  the 
vai%'e  shaft  side  of  a  partially  constructed  machine  and  shows  the 
manner  of  operating  the  inlet  valves  and  igniter  gear.  The 
exhaust  gases  are  taken  care  of  by  a  ring  of  ports  in  the  middle 
of  the  cylinder.  The^e  ports  are  uncovered  by  the  piston  alter- 
nately on  each  side  (see  Fig,  12^7), 

The  operation  of  the  engine  b  as  follows: 

It  will  be  seen  from  Fig.  12-58  that  the  pump  crank  is  in  the 
neighborhood  of  100  degrees  ahead  of  the  main  emnk,  t\e,,  when 
the  latter  is  at  either  dead  center  the  pumps  have  completed 
about  one-half  their  stroke.  From  the  l^eginning  of  its  discharge 
stroke  the  air  pump  B.  Fig.  12-60,  has  forced  its  charge  of  air  into 
the  passage  leading  to  the  main  inlet  valve  and  has  forced  some 
of  this  air  also  partly  up  to  the  gas  passage >  which  is  the  inner 
concentric  passage  surrounding  the  inlet  valve,  stem.  In  the 
meantime  the  piston  of  the  gas  pump  A,  the  motion  of  which  has 
been  exactly  the  same  as  that  of  the  air  pump  piston,  has  beea 
allowed  to  shove  back  part  of  its  charge  into  the  gas  suction  pipe. 
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the  moment,  therefore,  when  the  exhiiust  gases  have  nearly 
completely  escaped  from  the  main  cylinder  through  the  ring  of 
portSp  and  the  mjiin  inlet  valve  is  opened,  there  is  at  first  a  rush 
of  air  from  both  the  air  and  gas  pas,sages.  This  mrxes  to  drive 
the  remainder  of  the  exhaust  gases  out  of  the  cylinder,  A  mo- 
;  ment  later  the  gas  pump  starts  to  deliver  gas  and  the  mixture 
enters  the  cylinder.  By  the  lime  the  power  piston  has  covereil 
the  exhaust  ports  on  it.^  retm*n  stroke,  the  air  and  sas  pistons 


FW-  12-59.  —  Valve  Gear  of  Koerting  Two-cycle  Engine. 

have  reached  the  end  of  their  stroke,  the  inlet  valve  closes  and  the 
mixture  is  compressed  in  the  power  cylinder.  Ignition  is  by 
electric  s]mrk. 

The  speed  of  Koerting  two-eycle  engines  is  contnjlled  by  pro- 
jKjrtloning  the  amount  of  gas  to  the  load.  In  the  American  type 
this  is  accomplishe<l  by  putting  liulterfly  throttle  val%*es  /-/,  Fig. 
12-60,  in  the  discharge  passages  of  the  gas  pump.  The  position 
of  the.^^  valves  is  control  led  Jiy  the  governor,  which,  as  some  of 
the  oiher  illustrations  show,  is  of  the  centrifugal  type*  This 
method  of  pump  contnjl  is  open  to  the  objection  that  if  the 
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gas  used  m  at  all  dirty,  th0  frietional  resktaoces  soon  become  ^ 
great  as  to  render  the  governor  inoperative.  Some  of  the  im- 
pro^^nients  of  the  later  Koerting  enginea  have  been  devoted  to 
this  very  point,  A  modified  dasign  of  gas  pump  is  that  of  Klein 
Bros.,  Dahlbruch^  Fig.  12-6  L*  In  this  construct  inn  the  pistisn 
toTom  the  charge  back  into  the  suction  space  through  the  ports 
shown  at  the  middle  of  the  cylinder,  for  one- ha  If  the  stroke.  The 
amount  of  gas  delivered  to  the  discharge  passage  during  the  laMJ 
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Fig,  12-60* 

half  depends  upon  the  position  of  the  small  overflow  piston  valvt 
near  the  bottom.  This  is  controlled  by  the  governor  through  the^ 
linkage  shown.  Another  point  that  has  given  some  trouble  m 
the  first  designs  of  Koerting  engines  is  the  fact  that  the  time 
available  for  the  opening  and  closing  of  the  inlet  valve  vas  but  a 
very  small  part  of  the  time  of  one  revolution.  The  inertia  actions 
were  very  severe  and  hence  the  engine  speed  was  somewhat  nfl 
strieted.  This  difficulty  has  lieen  overcome  in  an  elegant  way  iit 
the  design  of  the  Siegener  Maschinensban  A-0  as  shown  in  Fig. 
12-62,     Here  the  lav  shaft  moves  only  at  one-half  the  speed  of 


*  Hoffman,  Zeitvsehrift  d.  V.  d   I,,  Septeml)er  15,  1906, 
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the  main  shaft,  the  saine  as  in  faur-cycle  en§;mes^  but  the  valve  m  - 
Oldened  twice  for  every  turn  of  the  Bhaft, 

Reiiihardt  states  that  the  Koerting  engine  is  well  adapted  to  j 
blowing  service  becatise  it  starts  (*asily  under  load  and  is  certain] 
in  iti3  operation  through  a  wide  range  of  speetls. 

The  Riverside  Engiiie,  —  This  engine  is  made  by  the  Riverside 
Engine  Company  of  Oil  City,  Pa.,  and  enilmdies  in  its  detnils 
several  features  decidedly  different  froni  those  of  other  large 
engines,  Fig.  12-63  show^  the  heavy  duty  double-acting  tandem 
type  and  illustrates  the  peculiarity  of  the  valve  construction  very 
clearly.     Be^^ide^  this  type,  this  firm   also  Imilds    .sin^lc-actinir, 
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single-cylinder  and  twin  engines,  and  single-acting  tandem  engines. 
One  of  the  single-acting,  single-cylinder  engines  is  illimt rated  in 
Fig.  12-^.  The  following  is  a  description  of  the  main  features 
of  the  double-acting  nuidiine.  It  applies  with  little  modification 
also  to  the  single-acting  type.  Fig.  12-65  shows  in  cross-section 
the  cylinder,  valve  and  piston  details  of  the  double-acting  engine 
and  will  serve  as  an  aid  in  following  the  description  of  these  parts. 
The  main  frame  or  bed  is  of  the  heavy  duty  tangye  rol ling-mill 
type  with  bored  guides  and  main  bearings  cast  in  a  single  piece, 
and  is  of  great  weight  and  extreme  rigidity*  The  cylinder  end 
of  main  frame  is  squared  siniilar  to  cross-section  of  cylinder,  and^ 
has  machined  holes  for  receiving  the  tie  bars  which  attach  tb^| 
cylinden  The  design  of  this  frame,  with  its  bored  guide  way,  is 
such  that  a  large  portion  of  the  metal  is  aVwve  the  center  line 
making  it  exceptionally  stiff. 
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The  shaft  is  of  side  cranky  buih-up  ty|>e  and  is  machined  all 

The  cylindem  are  made  in  two  halves,  with  heads  and  valve 
chest  cast  integral  withnut  jinnts  or  packings  and  are  held  rigidly 
lo  the  main  frame  by  four  heavy  ste^l  tie  bars  which  take  all 
lemion  gtmins.  The  cylinders  are  mounted  on  a  heavy  cast-iron 
sole  pbte,  hnaving  a  machined  top  surface  which  keeps  cylinders* 
ijj  alignment ,  permits  i^erfcct  freedom  for  expansion  and  contrac- 
tion, and  by  removing  distance  piece,  cylinders  can  Iks  slid  end* 
ftiseon  m>le  plate,  giving  easy  access  to  interior  of  cylinder,  pistons 
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m  and  piston  rings.  lUngs  can  l.>e  cleaned  or  changed  without  dis- 
■  lurbing  piHton  or  rod.  The  sole  plate  makes  a  drip  pan  under  all 
the  cylinders,  keeping  oil  drip  from  foundation.  The  exhaust  and 
inlet  i)iping  is  attached  to  the  sole  plate,  hence  no  piping  except 
the  water-jacket  piping  has  to  be  disturbed  when  cylinders  are 
moved.  There  is  no  overhead  piping  or  wiring  to  interfere  with 
traveling  crane. 

Both  inlet  and  exhaust  vah^es  arc  of  tlie  semi-balanced  water- 
cooled  poppet  type,  operated  in  a  vertical  position.  All  water 
iing  to  the  cylinder  jacket  passes  thraugh  valves  first,  giving 
feet  and  positive  cooling  without  any  attention  whatever. 
The  balancing  pistons  run  in  renewable  liners  and  are  lubri- 
cated positively.     These  pistons  form  a  large  and  perfect  guide, 
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suring  positive  alignment  for  these  valves  indefinitely.    The 

Ive  seats  are  renewable  and  are  located  slightly  below  bottom 

cylinder  bore,  so  that  all  foreign  substances  are  swept  from  the 

fUnder  at  each  exhaust  stroke.     All  valves  are  readily  removed 

L  the  top  of  the  cylinder  without  disturbing  cam  shaft. 

Piston  and  piston  rods  are  water-cooled,  the  water  entering 

ough  a  telescopic  joint  connected  to  side  of  cross-head.     Cir- 

ation  through  each  piston  is  positive  and  the  overflow  is  so 

that  pistons  are  kept  full  of  water.     Water  passages 

DUgh  piston  and  rod  are  large  and  easy  so  that  not  over  ten 

Dunds'  pressure  is  required  for  circulation.     The  overflow   is 

iUe  80  that  water  cannot  come  to  a   boiling-point   without 

ttracting  engineer's  attention.    A   heavy  tail-rod  support  and 

ji^able  shoe  is  provided  for  carrying  weight  of  pistons  and 

The  construction  of  the  piston  rod  is  such  that  a  piston  in 

ther  cylinder  can  be  removed  without  disturbing  the  other 

ror  the  connecting  rod,  cross-head  or  any  part  of  the  valve 


'The  valve  gear  of  the  Riverside  engine  is  very  simple  and  con- 

'  «f  a  single  shaft  mounted  on  top  of  the  engine,  running  in 

l-^nling  bearings.    This  shaft  runs  at  one-half  the  speed  of  the 

shaft  and  carries  the  inlet  and  exhaust  cams,  cams  for 

fttiog  the  oil  pumps,  and  the  timers  for  ignition  system. 

is  transmitted  to  the  inlet  and  exhaust  valves  by  an  inlet 

exhaust  lever  hung  on  a  single  pin.    All  cams  are  keyed 

lly  to  the  cam  shaft.    This  construction  makes  a  minimum 

of  .joints  subject  to  wear.     Ample  adjustments  are  pro- 

\  for  taking  up  wear. 

tion  IS  by  an  improved  method  throughout,  consisting  of 

magnetically  operated  spark  plugs  in  each  cylinder.    The 

points  being  in  series  with  the  magnet  coils  give  a  posi- 

I  eztemal  indication  by  the  movement  of  the  armature  as  to 

ther  the  spark  takes  place  within  the  cylinder.    The  timing 

trical;  no  gearing  or  mechanical  trips  being  used,  simply 

14  stranded  wire  running  through  iron  armored  conduits 

to  each  plug. 

I  timer  is  mounted  on  the  secondary  shaft  and  is  built  in  a 

f,  substantial  manner.    The  contacts  are  of  the  wipe  type 

\  made  of  tool  steel,  and  are  adjustable  for  wear.     A  visible 
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indicating  spindle  shows  the  amount   of  contact.    The  entire 
wearing  parts  of  tinier  are  run  in  oil,  which  prevents  bumiiig  of 
the  contacts  and  reduces  wear  to  mininium.     Wiring  from  the 
timer  to  each  spark  plug  is  protected  by  a  five  ampere  enclosed^ 
fuse;  thus,  should  any  spark  plug  become  damaged  or  short-ei 
cuited,  it  would  have  no  effect  on  the  rest  of  plugs.     Any  spar 
plug  can  be  removed  and  replaced  wliile  the  engine  is  in  oper 
tion. 

The  time  of  ignition  in  all  cylinders  can  be  adjusted  siniul-' 
taneously,  and  by  an  individual  adjustment  the  time  of  ignition 
in  any  cylinder  can  be  adjusted  independently.     All  of  these 
adjustments  can  be  made  when  the  engine  is  In  operation. 

The  method  of  starting  the  double-acting  engine  is  as  follows: 

A  gas-engine  driven  air  compressor  is  provided  for  supplying 
compressed  air  for  starting  this  engine,  air  to  be  stored  in  a  suitable 
steel  receiver.    The  pneumatic  starting  gear  on  the  engine  consi&tal 
of  two  shifter  pistons  mounted  within  the  valve  lever  carry- 
ing pin.    These  pistons  are  shifted  by  throwing  a  small  three- 
way  cock  which  applies  compressed  air  to  one  side  of  the  piston, 
which  in  turn  mov^  the  valve  levers  8  inch,  bringing  the  cam 
rollers  in  line  with  an  auxiliary  cam  which  puts  all  the  valves  in 
bot  h  ends  of  one  cyUnder  into  two-cycle  action,  or,  in  other  words, 
makes  a  poppet  valve  air  or  steam  engine  out  of  this  cylinder^  ■ 
which  permits  the  engine  being  started  on  any  stroke  and  on 
either   quarter*     The   oi>eration    being   entirely   automatic,   the 
engine  will  run  as  long  as  compressed  air  is  applied.     The  other  ■ 
double-acting  cylinder  continues  to  operate  as  a  four-cycle  gas 
engine  and   takes  up   its  explosions  after  the   first   revolution. 
Compressed  air  is  then  shut  off  from  the  starting  cylinder  and  thefl 
three-way  cock  reversed,  which  permits  the  cam  levers  being 
returncii  to  their  aorinal  position  and  that  cylinder  immediately 
goes  into  four-cycle  action  and  takes  up  its  explosions  on  the  next  fl 
revolution.    The  starting  gear  adds  practically  no  complication 
to  the  engine  as  the  regular  inlet  and  exhaust  valves  are  used  for 
distributing  the  air.    There  are  no  extra  shaft  or  auxiliary  valves H 
and  no  tappings  into  the  cylinders.     There  is  only  one  compressed 
air  pipe  leading  to  the  sole  plate,  air  being  delivered  into  the  fuel 
duct  and  entering  the  cylindem  via  the  inlet  valves. 

The  Crossley  Engine.  —  This  English  engine  is  made  in 
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otmtry  by  the  Power  and  Mining  Jlachinery  Company  of  New 

CTork,  and  known  as  the  American  Crossley. 
Theae  engines  are  built  aa  single-cylinder,  two  cylinder-opposed 
nd  double-opposed  units,  sizes  ranging  from  50  to  1300  B.  H,  P. 
IfThis  design  differs  radically  from  that  of  other  large  engines  in 
(that  the  single-acting  cylinder  is  retained  up  to  the  largest  sizes, 
i.e.,  the  design  is  in  a  w-ay  nothing  but  an  enlargement  of  the  small 
four-cycle  machine.  It  is  fundament ly  the  same  design  employed 
at  first  by  the  Deutz  Company  for  their  large  engines,  but  has 
been  given  up  by  them  some  years  ago  in  favor  of  double-acting 
(engines. 

Figures  12'66  and  12-67  show  a  general  elevation  and  a  croas- 
sectional  elevation  respectively  of  the  single- op  posed  type^  The 
Icylinder  castings  are  securely  Ixilt^d  to  each  end  of  a  central  frame 
casting.  Both  connecting  rods  work  on  one  crank  pin.  The 
pistons  are  whaler-cooled.  The  cylinder  proper  is  a  separate  liner, 
feesting  at  the  crank  end  in  the  jacket  casting  and  held  at  the  head 
tnd  by  the  cylinder  head.  The  head  carries  the  gas  and  inlet 
iTalves,  while  the  exhaast  valves  is  phiccd  in  a  separate  casting* 
The  position  of  inlet  and  exhaust  valve  is  shown  in  Fig.  12-68. 
Both  are  ofjerated  in  a  horizontal  position  by  means  of  bell  cranks 
t»y  cams  on  a  lay  slinft.     In  this  resi>ect  the  engine  differs  from 

Eiost.  others  in  which  the  valves  are  neariy  always  vertical.  The 
bjection  to  the  horizontal  form  is  at  least  partly  overcome  by 
iving  the  exhaust  valve  a  guide  at  each  end.  This  valve  is 
S rater-cooled,  as  is  necessary  in  large  machines.  Tlie  lay  shaft  s, 
rig,  12-66.  is  operated  by  spiral  geans^  and  actuates  the  main 
niet,  the  cut-off  valve,  the  gas  valve^  the  exhaust  valve ^  and  the 
igniter  gean 

Gas  and  air  enter  the  mixing  chamber  M,  Figs.  12-66  and 

F12-69  through  a  proportioning  v^alve,  the  air  direct  and  the  gas 

through  a  special  gas  valve.     From  liere  the  mixture  passes  a 

ulti-port  cut-off  valve,  which  surrounds  the  valve  stem  of  the 

let  valve  and  is  shown  in  greater  detail  in  Fig,  12-70.     This  cut- 

iff  valve  is  operated  from  the  lay  shaft  through  the  rocker  arm 

Fig.  12-71*    The  govenior,  shown  in  plan  in  Fig.  12-69,  serves 

rO  shift  the  fulcrum  /  of  the  rocker  arm  c,  Fig.  12-71,  thus  cutting 

ii  the  mixture  supply  to  the  main  inlet  valve  earlier  or  later  as 

he  load  demands.     Should  the  load  drop  so  far  that  the  com- 
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buistion  becomes  sJuggiah  imder  very  tow  loads,  the  engine  auto 
matically  shifts  over  to  the  hit-and-miss  governing  by  the  gover- 
nor withdrawing  the  bhick  h.  Fig.  12-69,  thus  keeping  the  gas 
valve    closed   altogether,      ^^  . — . 

In  multi-cylinder  engines  fjF^'^  I  H  4 
the  point  at  whicdi  this 
occurs  is  so  adjusted 
that  one  cylinder  after 
another  changes  over  to 
the  latter  system  of  regu* 


Fio.  12-70.  —  Inlet  Vah'e»  American  Crosaley 
Kngine* 


lation  and  not  all  of  them  at  the  siame  time* 

The  American  company  for  some  time  adhered  to  hot  tube 
ignition,  but  some  of  the  kter  engines  were  fitted  with  make-and- 
break  electric  ignition. 

The  Snow  Enfilne.  —  The  Snow  Steam  Pump  Company  build 
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Fuj,  12-7L  —  Emi  V^icWj  Amcricaa  Crosaley  Eni^ine. 

two  typea  of  horizontal  duuble-acting  four-cycle  machines,  called 
retij^wclively  Tyi^e  **A"  and  Ty|>e  ^*B/'  Both  of  these  designs 
differ  radically  from  the  construction  of  other  large  gas  engines 
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in  that  the  valves  are  placed  in  chambers  at  the  side  of  the  tylin- 
ders.    There  are  reasons  for  and  against  this  const ructiqijp  the] 
main  disadvantage  being  perhaps  the  cut-up  form  of  the  com- " 
bust  ion  chamber.    Some  of  the  many  advantages  are  outlined  j 
below. 

Type  B  engines  are  built  in  single-cyiimler  units  from  20  to 
125  horse- power,  and  in  tandem  units  from  SO  to  500  horse- 
power. The  general  features  of  the  design  are  shown  in  eleva- 
ion  in  Fig,  12-72  and  in  croae-section  in  Fig.  12-73, 


r.t^Ss 


SNOW     I 


Fig.  12-72.  —  Bncnv  Type  B  Gas  Etigim. 


The  moBt  notable  installations  of  Type  A  engines  is  found  iol 
the  Martin  station  of  the  San  ^latco  Power  Company  in  Cali- 
fornia,     Thii^  station  at  present  contains  three  of  the  twin* 
tandem  units,  a  fourth  is  in  course  of  erection,  and  the  foundation  | 
is  laid  for  a  fifth.     Fig.  12-74  shows  a  general  view  of  the  ^station, 
and  also  serves  to  give  a  general  idea  of  the  appearance  of  I  he 
engines.     The  engines  of  the  Martin  station  were  described  inj 
great  detail  by  C*  P,  Poole  in  an  article  in  Power,  January  14  and  I 
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81,  1908,  to  which  the  writer  is  indebted  for  the  following  lEfor-^ 
mat  ion  u 

Figure  12-75  shows  in  cross-section  the  main  features  of  the 
design  f  while  Fig.  12-76  is  a  tran^s verse  crosii-section  through  one 
of  the  valve  eliambers  to  show  the  valve  contraction.  Each  cy Un- 
der of  the  twin  tandem  unit  Is  42  inches  in  diameter  by  60-inch 
Itroke,  The  engines  are  direct  connected  to  Crocker- Wheeler 
generators  rated  at  4000  K.W.  each.  They  are  capable,  however, 
dI  carrying  momentarily  an  overload  of  33  per  cent,  and  have 
jl^onst rated  their  ability  to  carry  15  per  eent  overload  con- 
Hkougly.    These  figures  make  these  units  the  largest  gas  power 


:^ 
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I  um  of  Snow  Type  B  lias  Engine. 


mgines  in  the  world,  me  luel  used  is  an  oil-water  gas  made  by 
^he  Lowe  process. 

I  The  main  frame  is  of  the  side  crank  type.  The  cylinders  are 
ftast  in  two  parti^,  fastened  together  by  flanges  at  tlie  center,  as 
ihown  in  detail  in  Fig,  12-77.  This  construction  makes  the  outer 
wall  independent  of  the  cylinder  %¥all  proper,  and  avoids  tempera- 
lure  stresses.  The  valve  chambers  are  cast  integral  with  the 
Bylinder  casting.  The  cyhnder  heads  are  plain  jacketed  covers 
containing  nothing  but  the  stuffing-boxe*!,  P^or  the  purpose  of 
lafety  against  leakage,  however,  each  head  has  a  double  seat. 
The  front  and  rear  cylinders  are  connected  by  a  distance  piece  of 
)ox-section,  which  has  large  openings  in  the  side  through  which 
leads  and  pistons  may  be  removed  if  required.     The  pistons  are 
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made  iji  two  parts  bolted  together.  These  pistons,  together  with 
ikeit  mcls,  are  of  ctmrse  water-cooled^  the  water  entering  at  the 
fronr  cross- head  and  leaving  at  the  tall  cross- head. 

The  distingnjEahing  feature  of  these  engines,  however,  is  the 
Ive  construction,  shown  in  detail  in  Fig.  12-76.     Mr.  Poole,  in 
leiirticle  mentioned,  describes  the  gear  as  follows: 

*'The  cam  shafts  which  drive  the  valve  gear  are  driven  by 
i4?el  geans^  bevel  gears  being  used  on  the  main  shaft,  driving  back 
irough  spur  wheels  to  secure  the  proper  reduction  in  speed  of 
^*o  to  one.  The  igniters  and  lubricators  are  also  driven  from 
le  cam  shafts,  as  ares  also  the  starting  valves,  wliich  admit  com- 
ifesseil  air  on  the  cvlinders  for  starting.     The  inlet  and  exhaust 


Fiti,  12-7.5. 

valves  are  driven  by  cams  made  of  chilled  cast  iron»  located  on 
the  cam  shafts,  which  run  in  bearings  bolted  to  the  side  of  the 
Valve  chain l>ers. 

**The  inlet  and  exhaust  valves  are  of  the  unbalanced  mush- 
K)OTn  type,  working  in  cages  secured  to  the  top  and  bottom  of  the 
Valve  chamber.  Both  valves  and  their  cages  are  water-jacketed, 
iji  order  to  prevent  back*firing  or  pre-ignitions  on  account  of  the 
treacherous  nature  of  the  gas  used.  Each  inlet  valve  is  eom- 
mied  with  a  combination  mixing  and  throttling  valve,  of  piston 
;orm,  so  designed  that  when  the  inlet  va!%^e  opens  gas  and  air 
ports  in  pniper  porportion  are  opened  for  the  passage  of  air  in 
>roper  proportions,  the  amount  of  the  opening  of  both  Imng 
i-xexi  by  the  governor.  From  this  it  will  be  evident  I  hat  the 
engines  oj^>erate  with  variable  compression  and  constant  mixture, 
;he  supply  of  air  and  gas  to  each  end  of  each  cylinder  being 
;hrottled  directly  at  each  inlet  valve  for  its  end  of  its  cylinder. 
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"          '*The  exhaust  valv^es  are  of  cast  iron  with  iiickel-steel  stems            ^^^H 
and  are  thoroughly  water- jacketed,  the  water  being  fed  to  and            ^^^^^ 
earned  from  the  valve  by  positive  circulation.    The  connection            ^^^H 
of  the  exhaust  valve  cages  with  the  exhaust  pijie  is  so  made  that             ^^^^| 
the  c^es  can  l>e  readily  removed  without  disconnecting  any  other            ^^^H 
part  of  the  engine.*'                                                                                         ^^^H 
Id  discussing  the  reasons  for  locating  the  valves  at  the  side,            ^^^^| 
Mr.  Poole  quotes  the  builders  as  follows:                                                       ^^^^| 
"li  permits  of  the  use  of  an  absolutely  continuous  bedplate            ^^^H 
under  all  cylinders,  which  is  considered  essential  on  enghies  as            ^^^^| 
long  as  these  are  for  maintaining  absolute  alignment  and  permit*            ^^^H 
ting  unrestricted  movement  to                                                                     ^^^^| 

compensfite    for    variations    in    ^^H^  VV  T^    ^Fl^^^l             ^^^^1 
temperature         cylinder  walb    B^^    ^H  I^H    ^ll^^^l            ^^^^1 
and  connecting  parts.                    ^H  -^H  I^^^^H^^^^I            ^^^^1 

*'A  solid,  unbnjken  founda-    ^^^v            ^'^^Bl^^^^^l             ^^^1 
tion  from  one  end  of  the  engine    ^Hf^     \,  '■^^^Bfl^P^I            ^^^^1 
to  the  other  is  thus  secured,    P^ [lJJ^ '^^^^^^B^^T  fl            ^^^| 
and  the  builders  consider  that    BB&iiigfl^^^^^K.-         ^^            ^^^^1 
B  aolid,  uni)roken  foundation  is   ^^^^^^^^^^^^^K^^^^J            ^^^^| 
more  essential  for  a  gas  engine     ^^^  ^^_^j  _  ^.^^^^^j,,^  (^onstni^^Uon,             ^^M 
than  for  any  other  prime  mover            ^now  Type  A  Gas  Engine.                      ^^^H 
on    account    of    the    enormous                                                                       ^^^^1 
weight  of  the  reciprocating  parts  and  the  inability  to  fully  coun-            ^^^H 
terbalance.                                                                                                         ^^^^| 

"  It  enables  all  working  parts  of  the  engine,  without  exception^            ^^^^| 
to  be  located  above  the  engine-room  floor  and  therefore  to  be  in            ^^^^| 
full  view  of  the  attendants  at  all  times,                                                       ^^^H 

**  Inlet-   and   exhaust -valve   driving   motions   from   the   cam             ^^^^| 
shaft  are  short  and  direct.                                                                          ^^^H 

"Exhaust  valves  are  much  more  accessible  for  removal  when             ^^^^| 
loeated  on  a  valve  chamber  on  the  side,  since  the  crane  can  be            ^^^^| 
used  throughout  the  entire  operation  and  all  work  in  connection             ^^^^| 
with  the  removal  and  displacement  of  the  exhaust  valves  is  done             ^^^H 
from  the  engine- room  Hoor.                                                                          ^^^^H 

■  ^'Wtth  valves  located  in  a  side  valve  ehaml>er,  broken  inlet            ^^^H 
and  exhaust  valves  cannot  get  into  the  interior  of  the  cylinder             ^^^^| 
and  lodge  between  the  piston  and  the  cylinder-head,  causing             ^^^H 

■  wt^eks.                                                                                                            ^^^^1 
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^*  It  has  be^n  very  generally  the  opinion  of  gas-engine  deatgner 
that  the  location  of  the  valves  in  a  side  valve  chaitibcr  of  the 
kind  used  on  the  California  engines  entailed  the  certain  disad^ 
tage  that  foreign  material  entering  the  cylinder  with  the  air  and 
gas  would  deposit  on  the  liottom  of  the  cylinder  covinterbor 
while  if  the  exhaust  valve  be  located  on  the  bo t torn ^  such  deposit 
will  be  carried  out  through  the  exhaust  valve;  furthermore,  that 
lubricating  oil  collects  in  the  bottom  of  the  counterl>nre  and  13 
carbonized,  causing  Imck-firiag  and  pre-ignitioiiB,  Experience 
with  these  engines  thim  far  indicates  that  if  lubrication  is  properly 
effected  no  carbonized  oil  is  found  in  the  cylinder,  and  that  wtien 
oil  is  supplied  excessively  the  resulting  deposit  of  carbon  is  locate 
not  on  the  surface  of  the  clearance  space >  but  on  the  top  of  th€ 
piston  barrel  directly  under  the  oil-inlet  holes,  on  the  piattm  md 
where  it  wipes  in  from  metallic  packin^^,  and  on  the  face  of  tl 
cylinder  head  directly  under  and  close  to  the  piston-rod  hole* 
in  the  head.'' 

The  Cockerill  Engine.  —  This  machine  is  built  by  the  Soo 
Anon,  John  Cockerill  in  Seraing,  Belgium-    This  firm  apparently" 
builds  several  types  of  engines^  differing  among  themselves  mainly 
in  tlieir  valve  const  met  ions.     Fig.  12-78*  shows  s*  12(X)  hor 
power  tandem  gas  engine  in  which  the  inlet  valve  is  on  top,  the 
exhaust  valve  on  the  bottom  of  the  cylinder.     Both  are  operated 
apparently  from  the  same  cam  on  the  lay  shaft.    This  type 
machine  is  built  either  for  quality  or  quantity  governing,  in^ 
which  case  the  construction  of  tlie  inlet  valve  dlffens.     Fig.   12-79 
shows  another  form,  a  single-cylinder  double-acting  engine  di 
connect e<l  to  a  blowing  cylinder.    The  details  of  the  valve  gea^ 
of  this  machine  are  quite  clearly  shown  in  Fig,  12-H0,t     Botl 
inlet  and  outlet  valves  are  side  by  side  at  the  bottom  of  the  cylj 
inder. 

Figure  12-81  shows  the  latest  form  of  the  double-acting  tan 
dem  Cockerill  engine4  The  distinctive  features  of  this  machind 
are  that  all  valves  are  placed  below  tlie  cylinder  and  that  eccen- 
trics only  are  used  for  operating  these  valves.  The  valve  gear 
proper  represents  one  of  the  most  complicated  constructions  wed 

*H.  DnhM,  Z.  il.  V.  d.  I.,  Sf^pt.,  1905. 
ttSilldiirr,  p.  170. 
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ftii^iy  and  is  shown  in  section  in  Fig*  12-82,  In  this  figure  at 
the  left,  the  eccentric,  through  its  rod  a  and  the  lever  b,  operates 
the  cam  c  which  positively  opens  and  closes  the  exhaust  valve 
through  the  triple  lever  d.  The  inlet  vah^e  eccentric,  Fig.  12-82, 
the  right,  in  a  similar  manner  operates  the  gas  valve  cam  c 
ft&d  the  inlet  cam  c\  The  lever  b  actuating  the  gas  valve  cam 
]s  disengaged  from  the  rod  a  when  the  trip  arrangement  /-/'  is 
brought  into  play  by  the  cam  disc  e.  The  position  of  this  disc 
on  its  shaft  is  regulated  by  the  governor,  through  the  linkage 
shown,  thus  effecting  speed  regulation.  The  dash  pot  h  allows 
the  gas  valve  to  seat  noiselessly  after  its  linkage  is  released. 


Flu.  12 -HI.  —  CockeriJi  Do  able -acting  Tanrlriii  Itiiiginc* 

The  C(K*kerill  engine  has  found  considerable  application  in 
Europe^  there  being  about  80,000  B.  H,  P,  in  operation  in  121 
engines,  ranging  from  2(K)  to  3000  B,  H,  P.  The  fuel  used  is 
mainly  blast  furnace  gas* 

The  Nurnberg  Engine. — Although  the  A llis-Chalmers  Company 
of  Milwaukee  have  Ijcen  the  American  Ik-cnsees  of  the  Maschinen- 
hfiMribchaft  Niindjergj  makers  of  the  Nurnl>erg  engine,  the  large 
*  gas  ffigine  now  turned  out  by  the  American  firm ,  differs  in  some 
of  the  important  details  from  the  original  German  design. 

The  Nurnberg  engine  is  to-day  perhaps  the  most  important 
four-cycle  gas  engine  built  in  Germany,  and  for. that  reason  a 
description  is  first  given  of  tlie  German  machine^  to  be  followed 
by  a  few  details  of  the  Allis-Chalmers  engine  as  far  as  they  could 
be  obtained. 
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All  of  the  niotlium  sized  and  large  Niimberg  engines  are  double- 
acting »  either  single^cylinder  or  tandem.  They  range  in  aize 
^rom  250  to  6000  horse-power,  the  larger  powers  being  the  twin- 
landem  t^^x?.  Probably  the  best  description  ever  given  of  this 
machine  is  contained  in  Riedler's  "Gross  Gasmaschinen/'  from 
which  the  eross-section,  Fig,  12-83,  together  with  the  two  follow- 
ing figures,  is  taken.  This  cut  shows  frame,  cylinder,  arid  valve 
construction  very  clearly.  The  only  part  rigidly  fastened  to  the 
foundation  is  the  main  frame,  which  is  of  the  center  crank  type, 
tts  preferred  by  all  European  builders.  The  cylinders  rest  on 
supports  such  that  they  can  freely  expand  and  contract  under 
temperature  changes.  The  gas  and  inlet  valves  are  placed  on 
top  and  the  exhaust  valve  at  the  bottom  of  the  cylinder.  The 
inlet  and  exhaust  jKuts  are  east  in  one  part  with  the  cylinder  and 
jacket  walls.  This  reduces  the  cylinder  heads  to  simple  water- 
jacketed  covers,  a  point  of  great  advantage  as  compared  with  the 
complicated  cylinder  heads  of  former  days.  All  valve  cages  with 
their  valves  are  easily  removable  for  inspection.  The  exhaust 
valves  are  water-cooled.  The  \ailves  are  operated  from  a  lay 
shaft  running  alongside,  Fig.  12-84,  by  means  of  eeeenthcs  and 
not  by  cams*  How  this  motion  is  transmitted  to  the  valve  stems 
by  roller  levers  to  avoid  shock  and  noise  is  very  clearly  shown 
in  Fig.  12-85.  The  pistons  are  as  simple  as  those  of  a  steam 
engine.  The  method  of  fastening  them  on  the  shaft  together  with 
the  water-cooling  arrangements  for  rods  and  pistons  are  indi- 
cated in  Fig.  18-83.  The  weight  of  piston  and  rod  is  carried  by 
outside  bearings,  which  relieves  both  cylinder  and  stuffing-boxes. 

The  greatest  attention  to  accessibility  has  been  paid  in  the 
design  of  this  engine.  As  shown  iu  Big,  12-86^  by  disconnecting 
the  piston  rod  betw^een  the  cylinders,  disconnecting  the  connect- 
ing rod  and  sliding  the  rod  and  cross-head  forward,  and  by  taking 
off  the  front  and  rear  cylinder  coshers,  the  entire  engine  interior  is 
at  once  open  to  inspection. 

The  Niimberg  engine  regulates  by  pure  quality  regulation, 
that  is,  the  amount  of  gas  only  is  cut  down  as  the  load  drops. 
To  accomplish  this  there  is  a  gas  valve  placed  ahead  of  each  main 
inlet  valve  on  the  top  of  the  cylinder.  Fig.  12^3  shows  the  con* 
struction  of  these  valves  in  section  and  the  method  of  operating 
them  by  eccentrics  from  the  lay  shaft  may  be  seen  in  Fig*  12-84, 
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Th^  latter  illustration  also  shows  the  centrifugal  governor  and 
^  he  governor  shaft  running  alongside  of  the  cylinders.  From  this 
governor  shaft  reach  rods  run  to  the  gas  valves  and  control  the 
*^>riie  of  the  ojiening  of  these  valves  in  the  manner  explained  in 
t^tiapter  XIV.  In  some  of  the  later  engines  the  details  of  the 
l^<">vemor  mechanism  are  changed  somewhat  *  hut  the  principle 
*"*f  opt^ration  is  the  same  in  all,  i.e.,  to  open  the  gas  valve  later  in 
t:  tie  stroke  as  the  load  drops  and  to  keep  the  time  of  closure  the 
**^rne.  The  air  is  not  throttled  at  any  time,  hence  the  compres- 
sion remains  about  the  same.  It  is  interesting  to  trace  out  the 
Sequence  of  events  in  a  four-cycle  tandem  engine,  for  which  pur- 
lnoseFig.  12-87  published  by  the  A!lis-€hatmers  Company  is  given, 

SEQtTENCE;  or  OPERATIONS  IN 

THE  FOUR-CYCLH.  DOUBLE:'ACTI^fG  SYSTEM. 
TAMCl£H  OR  Twili  TYPC. 


i&eB 


4  ROWER  STROKES  IH  1  ftCVOLVtlOMi. 

Most  Nurnberg  engines  oj^erate  on  blast  furnace  gas.  The 
table  on  page  346.  alao  from  the  ratalogue  of  the  Allis-Chalmers 
Company,  wOl  serve  to  give  some  idea  of  the  cylinder  sizes,  speeds, 
floor- spa  CO,  etc. 

It  ha,s  already  l>een  mentioned  that  the  engine  now  Imilt  by 
the  AlIii*-CbaUners  Company  is  not  quite  like  the  Niimberg  ma- 
chine, Tlie  following  is  a  description  of  one  of  those  engines,  as 
given  in  Pinver,  January  21,  UM)8.  Tlie  engine^  Fig.  12-88  is  of 
the  twin4andem,  double-acting  type  and  direct  connected  to  a 
1040  K.W,  Crocker- Wheeler  generator: 

*'  l!  is  of  the  side-crank  tyjje  so  generally  used  in  steam  engine 

♦  8<_^  ZelUchrif t  des  Vereim  deutaeher  Ingetiieure^  Aug.  11, 1906,  witj  8ept, 
22,  1906. 
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construction.    The  pistons  are  supjxjrted  entirely  by  the  piste 
rods,  which  are  turned  with  sufficient  camber  to  make  tbetn  de^tl 
straight  when  the  weight  of  the  pistons  is  put  on  them.    Th 
rods  are  equipped  with  intermediate  and  tail  shoes,  as  usual  wii 
large  tandem  construction,  running  on  guides  between  the  cjliaJ 
derg  and  behind  the  rear  cylinder,  in  addition  to  the  main  eTDS9*| 
bead. 

N  CRN  BERG  GAS  ENGINE 
Tablk  of  Stakdarii  SlXIS 
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*' There  are  two  inlet  valves  to  each  combustion  chamber*  om 
for  air  and  one  for  gas,  but  both  are  mounted  in  a  single  csgi 
The  air  valve  is  of  the  piston  type  and  the  gas  valve  is  of  tl 
poppet  type,  its  axis  being  in  line  with  that  of  the  air  valve. 
The  latter  is  opened  at  the  beginning  of  the  suction  stroke  and 


MODERN  TYPES  OF  COMBUSTION  ENGINES        347 

kept  open  throughout  that  stroke*  The  gas  valve,  however,  is 
open  duriti^  varying  proportions  of  the  suction  stroke,  according 
to  the  requirements  of  the  load.  The  engine,  thereforei  operates 
mith  constant  compression  and  var^nng  mixture  proportions. 
The  compression  pressure  is  about  ISO  pounds  per  square  inch| 
absolute. 

**  The  ignition  is  by  make-and~break  mechanism  electrically 
operated;  that  is,  the  movable  electrode  is  rocked  by  means  of  an 
electromagnet  and  the  latter  is  energised  by  the  ignition  current 
eontroUed  by  a  'timer'  or  so-called  commutator  driven  synchro- 


M-<i, 


Fiii.  i2-8S*  —  Aliiii-Clmltiiers  Double-acting  Twin  Tundeiu  Engine. 

nously  with  the  cam  shaft.  Tell-tale  incandescent  lamps  are 
connected  in  circuit  with  the  igniter  magnets  and  indicate  the 
performance  or  default.'* 

The  main  differences  lietween  this  and  the  Numberg  engine 
then  appear  to  l>e  different  cylinder  supports,  the  combination  of 
the  gas  and  inlet  valves  in  one  housing,  and  the  use  of  the  side- 
cmnk  fmme. 

Premier  Engine.  —  Probably  the  best  descripHon  of  this 
engine  is  found  in  Robinson's  *'Ga8  and  Petroleum  Engines/'  It 
is  of  what  is  known  as  the  positive  scavenger  type,  Le.^  the  com- 
bustion chamber  is  thoroughly  washed  out  with  air  l>efore  a  new 
charge   is  admifted.     The  cylinder  is  single-acting,  and  single* 
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eylinder  and  tandem  units  are  built.  The  former  go  up  to  250 
horse-power^  the  latter  up  to  1200  horse~ix>wer*  The  pump 
serving  to  fiimlsh  the  air  for  scavenging  is  lu^ually  placed  ahead 
of  the  first  power  cylintler,  but  in  some  of  ihe  later  designs  the  air 
pump  is  placed  oi>liquely  above  tlie  first  eylinder. 

Figures  12-89  and  12  90  are  two  illustrations  from  Robinson, 
The  first  shows  the  general  appearance  of  the  machine » the  method 
of  ojieratiDg  the  inlet  m\i\  exhaust  valves  from  the  Uiy  shafts  the 
oblique  rod  to  operate  the  air-pump  valve,  and  the  governor 
details.  The  second  shows  several  sectional  views  froiti  which 
the  operation  may  be  explained.  The  piston  D  of  the  single- 
acting  air  pump  is  rigidly  connected  to  the  piston  C  of  the  first 
power  cylinder.  The  second  power  pistt>n  \b  connected  by  means 
of  the  yoke  K  and  tlie  side  rods  H  R  to  the  air  pump  piston. 
Thus  the  use  of  a  stutiing-liox  in  The  combustion  chamljer  of  tlii 
forward  power  piston  Is  avoidcib  H  II  are  the  combination  ai 
and  gas  inlet  valves,  and  G  0  the  exhaust  valves,  operated  as 
shown  in  the  transversal  cross-section. 

The  operation  is  as  folU>ws:  On  the  out  stroke,  air  is  ad  mitt* 
to  the  air  pump  D  thnrugh  tlie  grid  vahe  F,  shown  in  the  section 
X  X.  On  the  return  stroke  this  air  is  compressed  into  the  passage 
D-Ef  and  serves  to  scavenge  out  the  power  cylinder  just  exhaust- 
ing when  tlie  inlet  valve  //  into  that  cylinder  is  opened  about  onf 
half  exhaust  stroke.  On  the  next  out  stroke  the  air  pump  takes 
new  charge,  but  at  the  same  time  the  valve  F  has  also  ojjiened 
communication  to  tbe  passage  E,  so  that  the  cylinder  just  charg- 
ing may  draw  air  finely.  Above  the  inlet  valve  //  there  is  phic< 
a  cylindrical  valve,  which  during  the  scavenging  action  opens  tl 
air  ports  completely  and  keeps  the  gas  ports  closed,  Imt  which ^ 
at  the  beginning  of  the  charging  stroke,  shifts  its  position  to  givi 
the  proper  relation  between  air  and  gas.  While  the  exhatist  an« 
charging  strok€^s  above  described  take  place  in  one,  say  the  first, 
cylinder,  the  second  has  completed  its  compression  and  expansion 
strnkei?.  On  the  third  {the  in  stroke)  of  the  pump,  therefore* 
shall  have  compression  in  the  first  cylinder  and  exhaust  in  the 
second.  The  pump  then  scavenges  out  the  sec^md  cylinder  dur^ 
ing  the  last  half  of  its  exhaust  stroke. 

Bpeed  regulation  in  this  engine  is  efTected  by  the  govorno^ 
eutting  out  the  gas  from  the  back  cylinder  altogether  below 
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certain  load.  Above  this  a  charge  of  gas  is  admitted  occasion- 
ally, while  above  half  power  both  cylinders  work  practically 
continuously. 

Robinson  states  that  the  tandem  design  and  the  positive 
scavenging  action  make  the  Premier  engine  well  adapted  for  the 
burning  of  cheap  fuel  gas.  Guldner  judges,  from  the  high  effi- 
ciencies obtained  in  conjunction  with  mean  effective  pressures 
exceeding  110  pounds  per  square  inch,  that  the  combustion  process 
in  this  engine  must  be  very  perfect. 

The  DeiUz  Engine,  —  The  Deutz  Company  of  Deutz-Cologne 
were  the  first  firm  to  build  Otto  engines  and  they  have  from  the 
first  been  prominently  identified  with  the  development  of  this 
type  of  engine.  Their  present-day  constructions  embrace  several 
designs  of  excellent  form. 

The  large  engines  are  all  double-acting  and  are  made  either 
single-cylinder,  twin  or  tandem.  The  general  features  of  the  de- 
sign of  a  600  B.  H.  P.  twin  engine  are  shown  in  longitudinal  cross- 
section  in  Fig.  12-91  and  in  transverse  section  in  Fig.  12-92.* 
The  cylinder  differs  from  that  of  the  Niirnberg  engine  in  that  the 
jacket  wall  is  not  continuous.  This  is  done,  of  course,  to  prevent 
temperature  stresses.  The  central  space  is  closed  by  a  saddle 
casting  as  shown.  Inlet  and  exhaust  valves  are  placed  in  separate 
cages  easily  removable.  The  details  of  piston  design  and  the 
water-cooling  arrangements  are  clearly  indicated.  The  manner  of 
operating  the  valves  from  the  lay  shaft  is  shown  in  Fig.  12-92. 
All  Deutz  engines  govern  by  throttling  a  mixture  of  constant 
composition.  In  the  particular  engine  under  discussion  the 
throttle  valve  is  a  multi-ported  cylinder  surrounding  the  inlet 
valve  stem.  It  is  so  designed  as  to  keep  the  ratio  of  gas  to  air 
the  same  as  that  set  by  the  hand-operated  valves  shown  in  the  gas 
and  air  passages,  but  depending  on  the  load,  the  mixture  is 
throttled  more  or  less.  How  the  movement  of  the  valve  is  con- 
trolled by  varying  the  position  of  the  fulcrum  about  which  the 
throttle  valve  lever  turns  can  be  easily  traced  out  by  following 
the  governor  linkage. 

The  arrangement  of  the  throttle  valve  is  somewhat  different 
in  smaller  engines.  Thus  in  the  250  B.  H.  P.  engine,  a  cross- 
section  of  which  is  shown  in  Fig.  12-93,  the  throttle  valve  is 
*  From  H.  Dubbel,  Zeitschrift  d.  V.  d.  I.,  Sept.  2,  1905. 
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Independent  of  the  loain  inlet  \^:Llve*     The  governing  features, 
However,  are  quite  simihiiv 

The  OeehclhtUtscr  Entjine,  —  The  Oechelhauser  Engine,  built 
oy  several  finns  in  Germany,  is  a  two-cycle  machine  of  distinctive 
Resign,  as  may  be  seen  from  the  cross-sections^  Figs.  12-94^  which 

r presents  a  1000  liorse- power  machine  built  by  A.  Borsig,* 
The  power  cylinder  is  open  at  both  ends  and  contains  two 
iBingle-acting  pistons.  Tlie  front  piston  is  connected  to  the 
middle  crank  of  a  three-throw  crank  shaft  by  piston  and  connect* 
ing  rod  in  the  ordinarj^  manner.  The  rod  of  the  back  piston  is 
fastened  to  a  yoke  which  transmits  the  motion  through  rods  on 
each  side  of  the  cylinder  to  cross-heads  and  connecting  rods 
'  working  on  the  two  outside  crank  pins.  This  construction, 
while  complex  and  probably  costly,  results  in  almost  perfect 
balance.  There  are  no  valves  as  such.  The  exhaust  gases  escape 
thru  ugh  a  ring  of  ports  which  is  uncovered  by  the  front  piston 
near  the  end  of  the  out  stroke.  Similarly  the  back  piston  near  the 
end  of  its  out  stroke  uncovers  first  a  ring  of  ports  admitting  a 
charge  of  air  for  scavenging,  and  a  moment  later  the  gas  or  mix- 
ture ports.  On  tiic  return  struke  these  rings  of  ports  are  covered 
one  after  the  other  and  compression  ensues  between  the  two 
pistons.  When  in*  their  inner  dead  center  position,  ignition  is 
maile  to  take  place  electrically,  and  the  pistons  are  driven  apart 
on  their  power  strokes. 

Gas  and  air  uiuler  certain  small  pressures  are  furnished  to 
the  receivers  surrounding  the  inlet  ports  by  means  of  a  combina- 
tion air  and  gas  pump  which  is  usually  operated  by  a  tail  rod.  In 
blowing  engines  the  blowing  cylinder  is  usually  so  connected,  and 
the  air  and  gas  pump  is  then  placed  under  floor. 

At  full  load  the  mixture  follows  the  preliminary  charge  of 
pure  air  used  for  scavenging  to  about  three-quarters  or  seven- 
eighths  of  the  stroke.  Regulation  is  effected  by  controlling  the 
amount  of  mixture  admitted  to  the  cylinder,  The  means  for 
doing  this  are  discussed  in  Chapter  XIV. 

Oechelhauser  engines  have  given  good  satisfaction  on  blast- 
furnace and  coke-oven  gas.  The  general  appearance  of  a  twin 
engine  of  this  type  is  shown  in  Fig,  12'-95, 

♦  Hoffman,  Zc^itachrift  d.  V.  d.  T.,  Sept.  15,  1906. 
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B.  Liquid  Fuel  Engines 

3.  Gasounk  Engines,  — The  very  great  majority  of  all  por 
able  internal  combustion  engines  are  gasoline  engines,  and  tl 
same  is  true  of  a  large  percentage  of  stationary  inteniiil  combu 
tion  engines  for  small  powers.  We  may  thus  divide  all  gasolir 
engines  into  three  classes  —  stationary  engines,  marine  engine 
and  automobile  engines.  The  number  of  firms  engaged  iti  tl: 
manufacture  of  these  engines  is  very  large.  Usually  the  varioi 
makes  differ  only  in  minor  detaiV,  and  for  thai  reason  only  or 
or  two  type  examj^es  under  each  class  will  be  considered* 

Stalionanj    Gasoline    Engines.  —  The    general    type    of    tt 
machine  either  vertical  or  horizontal  does  not  differ  nmch  froB 
that  of  the  small-powered  stationary  gas  engine,  several  makes 
which  have  already  been  discussed.     It  is  usually  possible  to  cod 
vert  any  gas  engine  of  this  type  into  a  gasoline  engine  by  the  simpli 
addition  of  a  carbureting  device.    A  number  of  the  latter  hai'c 
l>een  descrit>eil  in  Chapter  VII I ,  M 

The  Foos  Gasoline  Engine.  —  This  machine  is  made  by  th? 
Foos  Gas  Engine  Company  of  Springfield,  Ohio.  The  cylinder, 
Fig.  12-96,  is  partly  supported  by  the  frame,  making  an  especially 
rigid  const  met  ion.  The  cylinder  head  is  a  plain  flat  rover.  Bolh 
valves,  which  are  of  the  poppet  type,  work  upward  and  are  me- 
chanically operated;  they  are  not  affected  by  any  governor  action. 
Thus  if  the  governor  keeps  the  fuel  valve  closed,  pure  air  is 
worke<l  through  the  engine,  cooling  the  cyhnder  and  clearing  it 
thoroughly  from  burned  gases.  The  valves  are  operated  by  bell 
cranks  and  rods  as  shown.  These  rods  are  in  turn  actuated  by 
cams  on  the  shaft  of  the  secondary  gear,  A,  Fig.  12-96,  The 
valves  have  their  seat  castings  separate  from  (he  cylinder,  but  in 
order  to  remove  the  valves  for  inspection  or  regrinding  it  is  ne 
essary  only  to  remove  the  plugs  in  the  top  of  the  valve  cages. 
Fig.  12-96,  B  is  the  rod  operating  the  fuel  valve,  C  the  furl  pump, 
and  D  the  igniter  rod*  The  fuel  may  be  gasoline,  naphtha, 
distillate. 

Foos  engines  are  governed  on  the  hit-and-miss  principle. 
Fig.  12-97^  E  is  the  igniter  rod,  C  the  fuel  valve  lever  which 
oscillated  by  a  cam  on  the  shaft  of  the  secondary  gear  G.     This 
gear,  through  a  pinion,  also  drives  the  governor  /).    The  latter  is 
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of  the  fly-bait  type,  and,  when  the  speed  becomes  exces^sivc,  pulls 
the  block  B^  on  the  lower  end  of  the  governor  lever  /I,  out  of  line 
with  the  blade  F.    Thus  F  misses  the  fuel  valve  rod  and  the  en- 
gine faiUs  to   receive    a    charge. 
— -^  The  speed  of  the  engine  may  ije_ 

adjusted    during    operation 
varjing  the  position  of  the  ful- 
crum /!  by  turning  the  nut  //. 

In  place  of  the  ordinary  ham- 
mer break  system,  a  wipe  spark 
igniter  is  employed.  In  Fig, 
12-98,  the  revolving  electrode  A, 
every  second  turn  of  t  he  enginct 
wipes  over  and  snaps  off  the  in-_ 
sulated  electrode  B,  Thus  tl 
points  of  contact  are  alwa}Tg 
kept  clean  and  bright «  The  igniter  is  placed  directly  over  the_ 
inlet  valve  E  to  insure  a  good  com  bust  ible  mixture. 

The  Olds  Gasoline  Engine.  —  Fig.  12-99  shows  the  carburetfi 


Fig. 


12-1*S-  —  VVi{K>  Spark  Igniter^ 
Fooa  Engine- 
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side  and  Fig.  12-100  the  valve  conBtniction  of  the  Olds  T>*pe  «i 
gasoliJie  engine*    This  is  an  engine  of  very  simple  design.     Both 
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valves  are  of  the  poppet  type,  the  upper,  the  inlet  valve,  being 
automatic  while  the  exhaust  valve  is  operated  by  bell  crank  and 
p  iish  rod .  The  k  1 1  e  r  is  act  ua t  ed  l> y  a  c  a  n  i .  F  i  g .  1 2-99  sho  w  s  t  he 
carbureter  and  its  adjustiiig  valve.  I'ntil  rciceiitly  the  gasoline 
was  fed  to  the  carbureter  from  a  small  reservoir  kept  filled  to  a 
certain  level  by  a  small  plunger  pump  driven  from  the  shaft.  In 
some  of  the  reeent  det^igns  this  pump  has  been  eliminated,  the 
carbureter  getting  fuel  by  simple  suction  feed. 


2 


c 


Fia.  12-100.  —  Olds  GaiwlJiK'  Engine. 


m  The  governor,  which  is  of  the  fiy- wheel  type,  is  shown  iJi  Fig. 
12-1  CM).  It  operates  to  keep  the  exhaust  valve  open  when  the 
speed  exceeds  the  normal,  at  the  same  time  locking  the  inlet 

■  valver  so  that  no  charge  can  enter  the  cylinder.  The  governor 
may  be  adjusted  to  give  speeds  varying  from  200  to  600,  and  a 
change  of  about  50  turns  per  minute  may  be  made  while  the  en- 
gine is  in  operation. 

The  jump  spark  ignition  system  is  used,  which  is  unusual  in 
small  stationary  engines.     The  governor  serves  also  to  throw 

I   the  commutator  of  the  system  out  of  action  should  the  engine 
fail  to  take  a  charge  on  a  miss-stroke. 
Type  A  Olds  gasoline  engines  are  built  in  six  sizes  from  3  to  18 
hor3e-}M>wer, 

Marine  Gnsoline  Engin^B.  —  These  engines  are  of  eit  her  the 
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two-  or  four-cycle  iyp^t  but  in  nearly  all  cases  vertical.  Tbe 
maximum  power  developed  in  one  cylinder,  in  the  ordinary  launch 
motor,  is  usually  about  5  horse^power,  higlier  power  than  this 
being  obtained  by  the  multiplication  of  cylinders. 

Perhaps  the  majority  of  engines  of  this  type,  especially  those 
of  fairly  high  speed,  600  to  800,  are  equippeil  with  the  jump  spark 
system;  many  builders,  however,  fiivor  the  hammer  l)reak  ignitioQ. 


Fig.  12-101.  —  Strelinger  Four-cycle  Marine  Engine. 

Small  gasoline  boat  engines  are  very  rarely  fitted  with  govc 
nor  control.     The  speed  is  changed  in  most  cases  with  the  t  hrottl 
or  the  spark,  or  both,  as  in  automobile  engines.     A  favorite  waj 
of  checking  the  speeil  of  small  boats  is  by  the  use  of  a  reversible 
projieller,  in  which  ease  the  speed  of  the  engine  need  not 
changed  in  any  way* 

The  following  two   types  of  engines  illustrate  the  gener 
features  of  the  four-  and  two-cycle  marine  enfcincH. 

The  Strelinger   Four-cycle   2\farin€   Gamline  Engine,  ~  A   Id 
horse-power  engine  made  by  the  C.  A.  St  re  linger  Company  m 
illustrated  in  Fig.  12-101  and  Fig.  12-102.     In  this  design  tl 
heads  are  cast  in  one  part    with  the  cylinders.     Tiie  latter  ar 
rigidly  bohed  to  the  crank  case  casting.    The  cam  shaft  and  iH 
drive  are  enclosed  in  the  crank  case.     The  cams  on  this  shaf 
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operate  the  exhaust  valve  and  the  trip  gear  of  the  make-and- 
break  igtiiter  By  pushing  in  the  lever,  markefl  255  in  Fig.  12-101, 
at  starting,  the  compression  is, partly  relieved  and  the  spark  re- 
tarded on  all  of  the  cylinders,  making  starting  easier.  After  start- 
ing the  lever  is  returned  to  its  former  position*  There  aeems  to 
be  no  other  spark  controL 


Fio,  12-102.  — StrtlingLT  Engme. 

The  inlet  valve  is  automatic.  Above  each  inlet  valve  there 
is  a  throttle  valve  whose  position  is  controlled  by  the  lever  H, 
The  combust ibie  mbcture  m  formed  by  drawing  the  air  from 
around  the  exhaust  pipe,  for  the  purpose  of  warming  it,  and 
through  the  pipe  X,  Fig.  12-101,  through  the  mixing  valve  B,  Fig, 
I2-102»  Here  it  pickis  up  a  certain  qujintity  of  gasoline,  which  is 
furnished  through  pipe  A  and  the  needle  valve  C,  and  then  passes 
through  pipe  Y  to  the  cyhnders.  Mixing  valve  B  is  automatic^ 
adjiLSting  the  amount  of  gasoline  to  ffie  amount  of  air  passing. 
The  latter  of  course  depends  upon  the  position  of  the  throttle 
valve  and  the  load  on  the  engine.  The  mbcture  is  claimed  to  be 
uniform  through  the  range  of  speeds. 


364 


LWTERNAL  COMBUSTION  ENGINES 


The  Lozivr  Two-cyde  Marine  Engine.  —  Like  nearly  all  small 
two-cycle  engines,  thi^  machine  precompresses  the  chai^  ia  the 
crank  case*  In  Fig.  12-103*  an  explosion  has  just  taken  place 
above  the  piston.  The  new  charge  of  gasoline  vapor  and  air  has 
just  been  drawn  into  the  crank  case  B  thrtjugh  the  opening  A 
from  the  carbureter.  The  cx|)iosion  ffircea  the  piston  down  and 
compresses  the  charge  in  B  to  a  pressure  in  the  neighborhood  of  ' 
5  pounds.  Near  the  end  of  the  down  stroke  the  upper  edge  of ' 
the  piston  uncovers  the  exhatiist  port  F,  Fig.  12-104,  and  the 
larger  part  of  the  burned  gases  escape.  A  moment  later  the  inlet 
port  C,  Fig.  12-105,  is  also  opened,  and  the  new  charge  enters, 
being  deflected  upward  by  the  baffle  6r  and  driving  out  the  rest  of 
the  burned  gases.  On  the  next  succeeding  up  stroke  the  piston 
closes  first  the  inlet  port,  next  the  exluiust  port,  and  compression 
commences.  Ignition  takes  place  when  the  igniter  gear  moves 
one  of  the  electrodes  and  breaks  the  contact  at  E^  Fig.  12'103, 
The  igniter  gear  is  shown  in  detail  in  Fig.  12-106,  Normally  the 
outside  blade  E  which  pivots  about  F  is  held  down  by  the  plun- 
ger D,  so  that  the  lower  electrode  inside  iif  tlie  cylinder  is  not  in 
contact  With  the  upper*  The  rod  B  is  moved  up  and  down  by  an 
eccentric  on  the  engine  shaft.  On  rhe  upwaixl  motion  the  plunger 
D  is  forced  upward,  alhiwiug  plunger  M  to  raise  E  so  that  just  be- 
fore the  spark  is  desired  the  electrodes  inside  are  in  contact  and 
the  circuit  is  made.  In  the  meantime  the  point  of  the  adjustable 
screw  ./  commences  to  force  the  trigger  C  to  one  side  until,  at  I  be 
moment  the  spark  is  desired,  the  plunger  D  snaps  off  suddenly, 
breaking  contact  inside  by  forcing  dowTi  the  blade  B\ 

The  carbureting  device.  Fig.  12-107,  is  simple  and  effective. 
The  air  is  pre-heated  by  passing  it  around  the  exhaust  pipe. 
Gasoline  enters  at  F,  and  mixes  with  the  air  when  the  inrush  due  i 
to  the  suctitm  in  the  crank  case  lifts  the  automatic  valve  /i,  flow- 
ing out  from  opening  A  in  the  seat  of  the  valve.  The  dial  D  indi- 
cates the  position  of  the  gasoline  valve* 

The  speetl  of  the  engine  is  controlled  by  the  position  of  a  butter- , 
fly  throttle  valve  in  the  transfer  passagCi  as  indicated  in  Fig.  I 
12^103. 

The  particvdar  construction  of  the  two-cycle  machine  aV^Jve 

described  is  known  as  the  two-port,  two-cycle.     In  this  type  the 

*  81hlcy  College  Theaia  of  Bayne  anrl  Bpciden. 
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port  admitting  the  charge  to  the  crank  case  is  at  no  time  covered  ^ 
by  the  piston.  Hence  the  carbureting  device  is  subject  to  tte  ■ 
pressures  generated  by  possible  explosions  in  the  crank  cam, 
and  if  this  is  of  such  tyi^e  as  to  be  hurt  by  such  explosion,  it  must 
be  suitably  protected  by  check  valve.  This  difficulty  is  overcome 
by  the  use  of  the  three-port  two-cycle  engine.  This  is  the  type 
of  engine  in  which  the  piston  also  controls  the  inlet  port  into  the 
crank  ease,  as  is  clearly  shown  in  Fig,  12-108,  which  itluat  rates 


'^i:'  ■ 


FiQ.  12-106*  —  Igniter  Gear  Lo^ier  Two-cycle  Marine 
Engine, 

the  construction  and  operation  of  the  Fairbanks  vertical  Marine 
Engine, 

The  application  of  the  internal  combustion  engine  to  the 
propulsion  of  vessels  other  than  pleasure  launches  is  beconiiog 
of  more  and  more  importance.  At  the  present  day  sevenil 
rather  small  sized  cargo  boats  and  barges  are  already  fitted  with 
suction  gas  apparatus  and  engines.  The  question  has  perhaps 
received  the  greatest  amount  of  attention  in  England,  where 
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Crossley  Brothers,  Thomycroft,  and  Vickers  Sous  &  Maxim 
have  built  suction  gas  appanvtus  for  marine  propulsion.*  In  this 
country  the  Standard   Motor  Construction  ^     ^ 

Company  of  Jersey  City  have  lately  turned 
out  u  marine  gas  engine  which  deser\^e45  sjie- 
cial  attention* 

The  Standtird  Marine  Gasoline  Engine. 
—  The  following  description  of  this  engine 
appeared  in  InternoHonal  Marine  Engineer- 
ing, Septeml>er,  VM}7.  The  data  given  refers 
to  the  3(J0  horse-power  engine  of  the  motor 
yacht  Standard,  but  a  500  horse-power  en- 
gine of  the  same  type  for  the  schooner  North- 
land has  already  been  built. 

Figure  12-109  shows  a  cross-section  of 
the  Standard's  engine, and  Fig.  12-1 10  a  view 
of  the  inlet  side.     The  following  is  the  description  given: 

'* These  engines   have  in   reality   twelve   working  cylinders, 


Fic-  12  U)7.  —  Carbu- 
rfter  homer  Two-cy- 
cle Marine  Engine. 
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Fio.  12-108.  —  Fftlrbank  Vertical  Three  Port  Two-eycle  Marine  EngiDe. 

figured  from  the  point  of  view  of  the  usual  construction  of  gas 
engines.     The  result  h  an  extremely  smooth  and  quiet  running 

*  See  an  interesting  article  by  A.  V.  Oost-eron  "  Gas  Power  on  Shiplxjard," 
inCafisier's  Maga^ine^  November^  HMJ7. 


ia 


370  INTERNAL  COMBUSTION  ENGINES 

machine,  well  balanced,  and  with  the  valves  so  arranged  that 
practically  the  only  vibration  noticeable  is  occasioned  by  the 
force  feed  oil  pumps,  which  give  individual  feed  to  every  cylinder 
and  l)earing.  Ignition  is  of  the  make-and-break  type,  while 
pistons  and  piston  rods  are  water-cooled,  and  water  flows  freely 
also  through  the  valves.  A  very  noticeable  advantage  of  the 
double-acting  engine  is  the  practical  impossiblity  of  any  leakage 
of  gas  into  the  engine  room,  because  the  piston,  instead  of  being 
oi)cn  to  the  atmosphere,  as  in  most  types  of  single-acting  engine,  is 
operated  from  a  piston  rod  running  through  a  metallic  stuffing- 
box.  The  operation  of  the  valve  shaft  is  obtained,  as  in  a  large 
steam  engine,  by  using  a  small  air  cylinder;  this  is  also  used  for 
turning  the  engine  over. 

"The  bore  and  stroke  of  the  Standard's  engine  are  each  10 
inches;  the  weight  is  7500  pounds,  or  25  pounds  per  horse-power; 
the  length  over  cylinders  is  8  feet  3  inches;  length  over  all,  10  feet 
4  inches;  the  total  height  is  5  feet  6i  inches,  of  which  4  feet  9J 
inches  come  above  the  center  of  the'  shaft;  the  width  of  the  base 
is  30  inches;  while  the  greatest  width  over  cylinders  is  34  inches. 

*•  The  illustrations  of  t  he  new  motor,  as  shown,  serve  to  confirm 
the  impression  of  a  torpedo  boat  engine,  as  the  same  type  of 
supports,  connecting  rods,  cross-heads,  and  guides  are  here  used 
tliat  one  is  accustomed  to  in  the  other  kind  of  engine.  The 
douhlo-acting  principle  necessitates  some  radical  changes  from 
tlio  usual  marine  gasoline  motor  design,  such  as  water-cooling  the 
pistons,  connecting  rods,  valves  and  other  parts  exposed  to 
till*  intense  heat  produccil  in  cylinders  of  such  large  volume. 
Inlot  and  exhaust  valves  are  located  on  the  opposite  sides  of  the 
head,  as  is  customary  with  many  automobile  and  marine  engine 
buiKlt^rs.  The  up[>er  and  lower  emls  of  the  cylinders  are  alike, 
with  a  n^gular  marine  enirine  piston  and  connecting  rod. 

"The  method  of  getting  the  gas  into  the  cylinders  is  very 
neatly  and  simply  workeii  i>ut.  as  is  shown  in  the  inlet  side.  One 
bninoh  pijv  leads  up  to  the  cylinders  from  the  center,  and  then 
runs  to  each  end  of  three  cylinders.  The  spark  and  throttle 
contrv^l  levers  are  r.unmtevi  on  top  of  the  air  cylinder,  which  con- 
tn>ls  the  tnuel  of  the  cam  shaft.  One  essential  point  of  difference 
IvtwetMi  the  orviinarv  motor  and  :his  motor  is  that  the  valves 
an?  pulkxl  up  instead  of  W^ini:  inishixi  up.  and  that  they  are 
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balanced  and  water-cooled  by  a  stream  of  water  which  flows 
th rough  them  conBtantly.  This  type  of  valve  has  been  adopted 
by  the  Standard  Company  for  all  their  large  type  of  motors,  and 
has  been  found  to  work  exceedingly  welL  On  this  side,  also,  are 
located  the  trips  which  operate  the  sparkers  for  all  cylindera. 

*'The  exhaust  valves  are  operated  from  a  cam  shaft  which  is 
a  duplicate  of  that  upon  the  inlet  side.  These  valves  are  also 
water-cooled  and  discharge  directly  into  a  large  water-cooled 
exhauHt  box,  from  which  the  gases  are  led  to  the  muffler-  The 
oil  feeds  are  directly  under  the  exhaust  box,  with  individual  leads 
to  distribute  the  oil  to  the  different  liearings.  Directly  below 
and  be^iind  thl^  are  shown  the  air  inlets  to  the  cylinders  for  start- 
ing. In  a  large  motor  of  this  kind  the  proi>lem  of  properly  cooling 
it  and  keeping  it  well  oiled  is  a  difficult  one,  and  tlie  working  out 
of  the  8>"stems  by  which  these  results  are  accomplished  is  more 
complicated  than  it  w^ould  l>e  for  a  small  motor,  but  the  owner 
of  a  motor  of  this  size  could  hardly  expect  to  operate  his  own 
engine,  and  in  reality  the  successful  working  of  the  motor  does  not 
demand  a  higher  order  of  skill  than  is  t<»  be  expected  from  the 
engineer  of  an  ordinary  triple-expansion  steam  engine.  While 
the  appearance  of  tlie  motor  is  com  plicated ,  this  com  p  he  at  ion  is 
more  apparent  than  reah  Every  function  of  the  motor  has  been 
carefully  iliought  out  and  provision  made  to  assure  its  proper 
working  under  all  conditions.  All  Standard  motors  of  large 
power  have  lieen  made  self-starting  and  reversing*  the  same  prin- 
ciples which  have  been  found  so  successful  being  employed  in 
this  latest  type:  but  in  the  double-acting  tyite  iKJth  the  inlet  and 
exhaust  valves  are  mechanically  operated,  as  against  the  exhaust 
valves  only  in  the  other  self -starting  and  re%^ersing  motors. 
Another  important  difference  is  that  in  this  type  all  the  cylinders 
are  east  separately*  and  the  motor  is  really  two  three-cylinder 
motors  coupled  together  for  purposes  of  economy  in  construction 
and  replacement,  should  such  \ye  necessary. 

^*The  self -starting  is  accomplished  by  com  presses!  air  being 
admitted  on  one  end  of  three  cylinders,  which  turn  the  motor  by 
a  special  set  of  cams  until  it  takes  up  its  cycle  npon  gasoline. 
The  cam  shafts  which  actuate  all  valves  are  so  made  as  to  move 
longitudinally  on  their  axes,  and  to  bring  appropriate  cams  into 
action  for  either  direction.    As  the  physical  labor  required  to 
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perform  this  operation  would  be  considerable  in  a  motor  of  tliia 
size*  an  air  cylinder  is  added  to  perform  this  work,  so  that  the  only 
manual  labor  in  connection  with  running  the  motor  is  that  in 
operating  the  two  handles  shown  in  the  left-hand  end  of  the  inlet 
side  iliust ration.  One  lever  controls  the  position  of  the  cams,  | 
whether  for  ahead  or  astern ^  while  the  other  controls  the  sparfe  j 
and  throttle.  In  this  motor  the  necessity  of  a  rty-wheel  is  entirely 
done  away  with,  and  operating  at  any  speed,  from  maximum 
to  minimum,  little  or  no  vibration  is  felt.  The  motor  is  mounted 
upon  a  base  of  angle  iron  with  castings  for  each  individual  bear-j 
ing,  and  has  tlie  usual  marine  collar  thrust  bearing.*' 
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Fin.  12-n  I.  —  Engine  of  Iy07  Franklin  Car. 


The  Au&omobik  Gasoline  Engine,  —  It  w^ould  be  beyond 
scope  of  this  book  to  enter  into  any  extensive  notice  of  automobile 
engines.     Fur  that  reason  only  a  few  illustrations  are  given  to 
show  the  varioua  methods  of  placing  the  valves  and  oi:>erating 
them,  the  methods  of  cooVmis,  the  cylinder,  cylinder  and  frame 
construction,  etc.     In  general  the  four-cycle  engine  monopolizea 
the  automobile  field,  there  being  but  one  or  two  makers  who  use] 
two-cycle  engines.     For  light  cars  the  horiz^ontal  opposed  twt>' 
cylinder  type  of  engine  is  often  employe^i,  but  the  heavier  caraj 
universally  use  four-  or  six-cylinder  vertical  engines.     Regarding! 
the  position  of  the  valves*  some  makers  place  both  inlet  and 
exhaust  valves  in  the  head.     This  type  is  t^est  exemplified  by  the^ 
Franklin  Engine  of  1907,  Fig,   12-111.     This  construction  is 
advantage  because  it  does  away  with  all  pockets  in  the  corabu^' 
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both  valves  placed  at  one  side,  but  the  inlet  valve  over  the  ex- 
haust   valve.    Both  arc 
mechanically      operated. 
The   Moore  engine,   Fig. 
1 2 - 1 1 5  *  sho ws  t  lie  va  1  vea 
upon  oppttsite  sides,  both 
mechanically      operated* 
Tlie   1908  model   of  the 
Franklin    engine    finally 
shows  a  tyjje    of    valve 
gear  different  from  any  of 
those  so  far  described  in 
that   the    main    exhaust 
and  tlie  inlet  valves  are 
combined  in  one  concen- 
trie  valve  placed  in  the 
head.    Tliis,  as  may  \m_ 
seen   from    Fig.    12-1 U 
results  in  an  ideal  form" 
outside,  larger,  valve  is  the  inlet 


Fig.  12-114.  — 35  H.P.  Horch  Automobile 
Engine. 


of  combustion  chamber.  The 
valve.  The  large  inlet  area 
improves  the  volumetric  effi- 
ciency ^  This,  however,  is  in 
large  part  also  made  possible 
by  the  fact  that  the  greater 
part  of  the  hot  burned  gase^ 
escapes  through  the  auxiliary 
exhaust  valve  which  opens 
when  the  piston  is  near  the 
lower  dead  center.  The  re- 
mainder of  the  gases  passing 
out  through  the  inner  valve 
at  the  top  during  the  up 
stroke  of  the  piston  does  not 
tend  to  heat  the  valve  very 
much. 

Of  the  automobile  engines 
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♦  Cycle  and  Automobile  Trade  JoiirriQl,  April,  1906* 
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iiltistratedj  the  Franklin  engine  shows  the  construction  employed 
for  air-cooled  cylinders;  all  of  the  other  engines  are  water-cooled. 
4,  Oil  Engines*  —  The  term  '*oil  engines'*  usually  refers  to 
engines  using  kerosene,  crude  oil,  or  any  one  of  the  so-called  dis- 
lillates.  All  of  these  fuels  are  more  difficult  to  vaporize  than 
gasoline  and  the  formation  of  the  proper  fuel  mixture  is  therefore 
generally  a  less  simple  process.  Some  of  the  types  use  a  special 
vaporixer,  in  others  the  fuel  is  sprayed  directly  into  the  combus- 
tion chamber  or  into  an  extension  of  it. 
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Fig.  12-116.  —  1908  Modd,  Franklin  Engine. 

Liquid  fuel  engines  in  general  labor  under  the  disadvantage 
f  compared  with  gas  engines  in  that  the  limit  of  power  in  a  single 
cylinder  m  reached  much  earlier.  The  reason  for  this  is  that  as 
the  cylinder  volume  grows,  the  difficulties  of  forming  and  main- 
taining a  uniform  fuel  mixture  increase  very  rapidly ,  and  the 
difficulties  of  proper  ignition  increase  correspondingly.  The 
result  i.^p  at  least  as  far  as  present  practice  is  concerned,  that 
while  the  economic  limit  in  one  single-acting  cylinder  using  gas 
is  in  the  neighborhood  of  perhaps  400  horse-power,  the  limit  in 
single-cylinder  acting  oil  engines  is  not  over  200  horse-power. 
Hence  the  sulxli vision  of  the  power  required  among  several 
cylinders  commences  much  sooner  in  oil  than  in  gas  engines. 
The  most  important  point  of  distinction  among  the  various 
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oil  engines  is  probably  the  way  in  which  the  combustible  mixtum, 
ia  formed.     We  distinguish  the  fallowing  methods: 

(a)  The  fuel  is  forced  directly  into  the  combustion  chamber" 
at  the  end  of  or  during  the  compression  jstroke.     rsually  a  spray- 
ing nozzle  is  employed. 

(b)  The  fuel  is  mechanically  atomized  and  sprayed  into  tl 
current  of  air  on  the  suction  stroke. 

(c)  The  fuel  is  sprayed  into  a  vaporizing  chamber  connected 
to  the  cylinder  without  interpoiiition  of  a  valve. 

(d)  The  fuel  is  vaporized  by  the  agency  of  heat  in  a  separate 
vaporizer.  The  air  pas^sing  through  the  vaporizer  fonns  the  fuc 
mixture  and  this  enters  the  engine  already  prepared. 

The  following  descriptions  of  various  oil  engines  will  illustrat 
the  various  methods  outlined: 

Among  the  most  important  oil  engines  found  on  the  AmericarT 
market  are  the  following:  The  Hornsby-Akroyd  kerosene  engine, 
a  machine  of  English  origin  made  by  the  De  La  Vergne  Machine 
Company,  of  New  York;  the  De  Lu  Vergne  two-cycle  oil  engineJ 
brought  out  by  the  same  company  within  the  last  month  or  two; 
the  Mietz  &  Weiss  oil  engine  made  by  the  A,  Mietss  Ircm  Found r>' 
&  Machine  Works  of  New  York;  and  the  American  Diesel  engine 
manufactured  by  the  Anieriean  Diesel  Engine  Company.  It 
should  be  stated  that  many  of  the  engines  descril^ed  under  th| 
head  of  small  and  medium  sized  gas  engines  can  he  run  on  aW  hy' 
using  suitable  evaporizei's.  Thus  the  Fairbanks-Morse  Company^ 
and  several  other  makers  furnish  vaporizing  attachments 
means  of  which  their  engines  may  be  successfully  run  on  ker 
sene,  crude  oil,  or  distillate. 

The  Hornsby-Akroyd  Oil  Engine, —  ¥ig8.  12-117  and  12-118 
show  a  longitudinal  and  a  transverse  section  resjx^cti%'ely  iif  tlii.s 
important  oil  engine,  while  Fig,  12-119  shows  the  general  appear- 
ance of  a  single-cylinder  engine.*  The  Homsby  engines  built 
this  country  are  all  horizontal  machines  of  the  four-cyHe  typej 
The  exhaust  and  inlet  valves  are  of  tiie  poppet  type  and  locjitodj 
in  a  valve  box  at  the  side  of  the  cylinder,  Fig,  12-118.  Thej 
open  upward  and  are  operated  by  levers  passing  under  the  cy Un- 
der by  means  of  cams  on  the  half-time  shaft.  Tlie  exhaust  rair 
is  so  designed  that  on  starting  the  compression  can  be  relieve 
*  Ciitaloppje  of  the  De  Im.  Vergne  Machine  Co. 
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by  shifting  the  cam  on  the  shaft.  The  supply  of  oil  is  taken  from 
a  tank  in  the  base  of  a  machine  by  a  pump  operated  from  the 
lay  shaft,  and  forced  into  the  vaporizer  chamber  A,  thmugh  a 
spray  nozzle.  The  governor  is  of  the  fly-ball  type  and  controla 
the  speed  by  dividing  the  constant  quantity  of  oil  furnished  by 
the  pump  into  two  parts,  one  of  which,  in  proportion  to  the  load, 
enters  the  nozzle,  the  other  part  flows  back  to  the  tank.  The 
nozzle  and  overflow  valve  are  shown  in  greater  detail  in  Chapter 
VIIL 


x: 


zr~zj 


Fio.  12-118.  —  Transverse  Section  Homsby* 
Akroyd  Oil  Engine* 

The  vaporizer  chamber  is  furnished  with  internal  webs  to 
increai^  the  vaporizing  surface^  and  Is  protected  against  radiation 
on  the  outside  by  a  hood. 

To  start  the  engine  the  vaporizer  is  first  heated  by  a  lamp 
which  constitutes  a  part  of  the  equipment.     After  the  chamher 
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is  hot  enough,  a  few  quick  strokes  of  the  pump  by  means  of  the 
haod  lever,  Fig,  12-118,  while  the  engine  is  being  turned  over  in 
the  nonnal  direction,  usually  suffices  to  start  it.  After  starting,  the 
heat  of  combustion  is  enough  to  keep  the  vaporizer  at  a  dull  red 
heat  and  to  explode  the  charges  regularly,  so  that  no  special 
igniter  is  required, 


Via.  lli-119.  —  Siugle  Cylindfr  Hornj^by-Akroyd  Oil  Engine. 

The  method  of  operation  may  be  explained  as  follows:  On  the 
suction  stroke  of  the  piston  the  pump  injects  oO  into  the  vaporizer. 
This  \b  almost  instantly  vaporized,  but  as  yet  the  mixture  is  not 
explosive  because  the  vapor  is  mixed  with  bunictl  gases  mainly 
which  remain  from  the  previous  explosion.  On  the  return  stroke, 
the  piston  compresses  the  air  and  forces  a  part  of  it  into  the 
vaporizer.  It  is  possible  that  some  time  during  the  compression 
stroke  the  vapor  may  commence  to  bum  in  the  vaporizer,  but  the 
flame  does  not  strike  out  because  the  velocity  of  air  flowing  in 
through  the  narrow  neck  of  the  vaporizer  js  greater  than  the 
velocity  of  flame  propagation.  Near  the  end  of  the  compression 
stroke  the  reverse  takes  place,  the  flame  strikes  out  with  explo- 
sive force  and  drives  the  piston  forft^ard  on  the  expansion  stroke. 
This  b  followed  by  the  exhaust  stroke,  after  which  the  operation 
is  repeated. 
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These  engines  have  given  very  satisfactory  service  and  many 
of  them  are  in  use  for  a  variety  of  purposes.  They  are  made  in 
sizes  from  21  to  125  horse-power,  those  alxive  32  horse-ppwer  ^ 
imng  of  the  two-cyhnder  type  iUiistrated  in  Fig.  12-120.  This  V 
design  has  lately  been  modified  in  that  the  two  overhanging  fly- 
wheels have  l>een  replaced  by  a  single  wheel  placed  next  to  the  belt 
pulley  between  the  two  cylinders. 


Fio.  12-120.  —  Twin  CylindiT  Homahy-AJcroyd  Oil  Engine. 

The  De  La  Vergne  Tw&^ycle  Oil  En^ne,  ~  This  15  a  vertical 
machine  recently  brought  out  by  the  De  La  \'ergne  Slachinc 
Conipan^^  and  described  in  Power,  November,  1907^  to  which  ihi? 
following  illiistrationjj  are  due: 

Figure  12-121  shows  that  the  cylinder  is  of  the  ordinarj^  two- 
cycle  construction,  the  piston  controlling  the  inlet  and  exhaasi 
ports.  The  vai>orizer  chamljcr  V'  is  formed  by  an  extension  of 
the  cylinder,  but^  in  contniclistinction  to  the  Hornsby  engine,  no 
contracted  neck  is  used  opening  into  the  vaporiser.  On  the  down 
stroke  of  the  piston  the  air  coniprei^sicd  in  the  crank  case  rushes 
into  the  cylinder  as  st)on  as  the  inlet  port  is  uncovered.  On  the 
up  stroke  onlyarr  is  com  pressed » the  oil  not  being  injected  by  the 
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The  engine  is  governed  by  suiting  the  quantity  of  oil  to  the 
load.  This  is  done  by  putting  the  pump  plunger  under  control 
of  the  governor  in  the  fly-wheel.  Power  gives  the  following 
description  of  this  device  (see  Fig.  12-123): 
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"The  frame  F  is  fastened  with  two  studs  concentrically  to  the 
inside  of  the  fly-wheel,  and  to  the  frame  is  pivoted  a  cam  ring  R 
which  has  on  the  fly-wheel  side  a  projection  By  and  back  of  that 
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le  ram  projection  C,  which  lifta  the  roller  A  once  each  revolution 
of  the  fiy- wheel,  thereby  actuating  the  oil-pump  plunger  P, 
The  length  of  stroke  imparted  to  the  plunger  is  determined  by 
the  lever  L,  pivoted  to  the  frame,  A  wedge  W  on  the  lever  L 
separates  the  cam  ring  from  the  frame  F.  When  the  engine  is 
started  the  governor  does  not  come  into  action  until  normal  speed 
is  approached.  A  decrease  in  load  will  cause  the  speed  to  increase , 
when  the  centrifugal  force  of  the  counterweight  K  will  overcome 
the  tension  of  the  spring  S,  moving  the  w^^ight  outward  and 
||bcreby  withdrawing  the  wedge  W.  The  spring  E  keeps  the 
poller  A  in  contact  with  the  cam  ring  i?,  and  when  the  wedge  is 
withdraw^n  the  buffer  G  cannot  actuate  the  pump  plunger.  The 
knob  //  h  used  for  injecting  oil  at  the  start ,  and  the  lock  nuts  A^ 
serve  for  limiting  the  stroke  of  the  pump.  The  two  concentric 
slots  in  the  frame  F  allow  for  adjustment  when  it  is  deHired  to 
greatly  change  the  normal  speed  of  tlie  engine.  For  smaller  speed 
variations  the  spring  iS  and  the  weight  K  can  be  shifted  in  the 
holes  of  the  lever  L." 

At  present  two  sizes  of  this  engine  are  made*  That  illustrated 
is  of  15  horse-power»  the  single  cylinder  type  gives  7i  horae-pow^er. 
In  each  case  the  cylinders  are  7  inches  by  7,5  inches,  the  normal 
flpeed  being  450  r.pjn. 

The  Mietz  cfe  Wei&s  Oil  Engine.  —  Thb  is  a  very  successful 
engine  which  has  been  on  the  market  for  some  years.  While  it 
operates  on  ihe  ordinary  three* port  two*cycle  principle,  it  em- 
Itodies  some  unusual  features.  Fig,  12-124  shows  the  horizontal 
type  in  cross-section,  and  Fig.  12-125  its  general  appearance  in 
elevation.  From  Fig.  12-124  the  operation  of  the  engine  must 
be  clear  without  much  further  ex  pin  mi  I  ion. 

The  fuel  pump  P  takes  the  oil  from  a  tank  mounted  on  the 
crank  case  and  injects  it  into  the  cylinder  just  after  the  piston 
has  covered  the  exhaust  port  E.  The  oil  falls  on  the  projection 
y  and  is  instantly  vaporixed  by  heat  from  the  hot  bulb  I,  and 
from  the  cylinder  head»  which ^  as  \ki\]  be  noted,  is  not  water- 
jacketed.  Ignition  is  produced  by  means  of  the  buib  I,  which 
Acts  very  much  like  the  ordinary  hot  tube.  A  kerosene  or  oil 
lamp,  shown  in  posit  ion,  serves  to  heat  the  bulb  before  starting. 
Five  minutes  is  usually  sufficient  for  this  operation. 

The  unusual  feature  of  this  engine  consists  in  the  cooling 
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water  arrangements,  Instead  of  circulating  the  water,  as  m\ 
ordinarily  done,  it  is  allowed  to  evaporate  in  the  jacket ^  being  i 
kept  at  a  constant  level  by  a  float  valve.  The  vapor  formed  col- 
lects in  the  dome  S,  Fig.  12-124,  and  is  by  means  of  the  bent  pipe 
shown  le<l  to  the  intake  port  of  the  cylinder  where  it  mixes  with 
the  air.  There  are  several  excellent  reasons  for  this  arrEtigement 
in  oil  engines.  The  water  vapor  helps  to  form  a  mixture  of 
specific  heat,  thus  reducing  the  danger  of  pre-ignition  and  allo^"- 
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Fio.  12-124,  —  Detiiils  of  UleU  &  Weiaa  Two^ycle  Oil  Engine, 

ing  of  higher  compr©ision  pressures.    The  principle,  however, 
not  new,  since  Bdnki  and  perhaps  several  others  Ijefore  him  have' 
used  it.     It  IS  also  claimed  that  the  vapor  asaists  in  the  preven* 
tion  of  carbon  deposit  a.     The  method  further  has  the  general 
advantage  that  but  little  jacket  water  is  used  compared  \^ith  thoj 
ordinary  method  of  oJK^ratioiL  1 

The  method  of  goveining  this  engine  is  oot  clearly  shown,, 
but  it  consists  in  adjusting  the  stroke  of  the  fuel  pump  to  suit 
the  load  by  means  of  a  shifting  ecfentric  on  the  main  shaft* 

The  stationary  Mietz  &  Weiss  engine  is  built  in  single-e^^linde 


are  placed  the  atomizing  arraiigements  by  which  the  oil  is  very 
finely  divided  thnmgh  the  iigeiicy  of  highly  compressed  air,  as 
soon  as  B  opens  the  vidve.  The  stroke  of  the  lever  B  is  uniform, 
hence  the  injection  valve  always  opens  to  the  same  amount  and 
for  the  same  length  of  time,  whatever  the  load  on  the  engine. 
To  govern  the  speed,  the  governor  controls  the  stroke  of  the 
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pump  which  furnishes  the  oil  to  the  valve.    The  lower  the  load  on 
the  engine,  the  kter  in  the  stroke  of  the  oil  pump  does  the  deliv^l 
ery  of  oil  to  the  injectiOD  valve  commence.     One  method  of  doing [ 
this  m  explained  in  Chapter  XI V^  under  Detaib  of  Goi^rnom  [ 


I'lLi,  12-i2?!j. — ^  Valve  Construction,  Ainencan  Diesel 
Engine- 

The  American  Diesel  engine  is  built  in  siases  from  75  to  450 
B.  H.  P,,  mostly  in  three-cylinder  units. 

The  Priestman  Oil  Engine.  —  This  English  machine,  Fig. 
12-129»*  is  mentionod  here  because  the  means  user!  for  forming 
the  combustible  mixture  are  different  from  those  so  far  described. 
The  engine  is  of  the  horizontal  single-acting  type.  The  exhaust 
valve  is  mechanically  ojjerated  by  an  eccentric  on  the  shaft.  The 
same  eccentric  rod  also  operates  a  small  air  pump  e  which  keeps 
up  an  air  pressure  of  from  30  to  40  pounds  on  top  of  the  oil  in  the 

♦  GQldner,  p,  118. 
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supply  tank  L  The  inlet  valve  c  is  automatic.  On  the  suction 
stroke  the  piston  draws  a  ehurge  of  finely  divided  oil,  mixed  with 
air  furnished  by  the  spniy  maker ,  into  the  vaporizer  a,  together 
with  u  large  quantity  of  auxiliary  air  to  form  the  proiJer  comlias- 
tible  mixture*  The  vaporizer,  heatetl  iit  the  start  by  external 
means,  is  during  operation  kept  by  the  exhaust  gases  at  sufficient 
heat  to  cnnipletely  va|X)rize  the  oil  before  it  f.Misses  out  on  its  way 
to  the  inlet  valve.  Thus  the  mixture  reaches  the  cylinder  com- 
pletely prepared.  The  spray  maker  and  vaporizer  are  explained 
in  greater  detail  in  Chapter  VIII, 


Fia.  12-129.  —  Priestman  Oil  Engine. 


The  cylinder  operates  on  the  ordinary  four-cycle  principle; 
ignition  is  by  electric  spark.  In  the  later  Priestman  engines  a 
small  amount  of  water  from  the  jacket  h  admit tett  to  (lie  cylinder 
each  cycle,  after  (he  principle  of  lidnki. 

The  Fairhanki^-Moriie  Crude  Oil   Vajmrizer.  —  In   the   fourth 

typo  of  vaporizer  the  oil  is  not  preliminarily  sprayed  or  atomized, 

as  ia  done  in  the  Priestman  vap^rrizer,  but  simply  vafMiriKed  by 

t!ie  heat  of  the  exhaiL^t  gases.     The  piston  then  generally  draws 

a  part  of  the  necessary  air  through  the  vaporizer  and  saturates 

this  with  the  oil  vajjor.     The  rest  i.*^  added  to  form  the  ppi|>er 

Jnixture  just  before  the  inlet  valve.     Of  this  tvfje  is  the  "  Econo- 

^nbt**  retort,  already  described  in  Chapter  VI IL     Another  type 

M&    that  made  by  the  Fairbanks-Morse  Company,  and  illustrated 
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in  Fig.  12-130.     G  is  the  main  vaporizer  chamber.     The  oil 
fvrnishes  oil  through  the  pipe  F  to  the  reservoir  R  on  top  of  theJ 
chamber.    The  regulating  valve  T  returns  the  excess  pumped' 
to  the  main  supply  through  the  pijie  0,     From  R  the  oil  m  allowed 
to  trickle  slowly  downward  over  surfaces  heated  by  the  exhaust 
gases.    These  come  in  through  the  pij>e  N,  but  the  volume  enter- 
ing G  is  cont  rolled  by  the  position  of  the  valve  E,  which  sends  a, 
part  into  G,  the  rest  directly  out  through  X,  depending  upon  th«l 
demands  of  the  vaporizer.     Air  enters  the  chamter  through  Cf 


F IG ,  12-1 30.  —  Vn i rl la n kt^il  o rsc  E ngi nt' 
with  Crude  Oil  Vaporizer* 

On  its  way  upward  it  saturates  itself  with  oil  vapor  and  •finally 
flows  out  through  B  to  the  engine.  The  auxiliary  air  supply  is 
furnished  through  A,  fl 

Any  vaporizer  of  this  type  labors  under  the  dlsiid vantage, 
already  mentioned  in  the  case  of  the  *' Economist"  relurt,  that 
not  all  of  the  oil  can  be  utilized.  As  the  vaporization  proceeds, 
the  oil  gets  heavier,  the  aniount  of  vapor  evolve<i  grows  less  at 
the  temperature  maintained,  and  the  useless  residue  must  finally 
be  drawn  off.  In  the  apparatus  above  deseribed  provision  fof 
this  has  been  made  through  the  drain  cock  D.  W  is  a  heating 
lamp  to  heat  the  vaporizer  on  starting. 

5.  The  Alcohol  Engine,  —  The  points  of  difference  between 
the  alcohol  engine  and  any  other  gas  engine  have  already  been 
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mentioned  in  Chapter  VIII.  In  constructive  details  these  engines 
do  not  differ  from  the  rest  except  that  the  compression  is  carried 
higher  than  in  other  liquid  fuel  engines.  The  main  feature  dis- 
tinguishing them  is  in  the  arrangements  for  forming  the  com- 
bustible mixture,  and  the  various  expedients  adopted  have  been 
thoroughly  discussed  under  the  head  of  vaporizers  in  the  chapter 
mentioned.  Recent  experiments  have  disproven  the  old  state- 
ment that  an  alcohol  engine  cannot  be  started  from  the  cold. 
Much  depends  upon  the  position  of  the  carbureter  with  reference 
to  the  inlet  valve  ports,  and  after  paying  due  attention  to  this 
point ,  a  gasoline  automobile  engine  has  been  successfully  operated 
on  alcohol  without  change.  This  bears  out  the  experience  of  the 
Deutz  Company  in  whose  alcohol  engines  only  a  spray  nozzle 
place<i  very  close  to  the  inlet  valve  is  used.  An  ordinary  gasoline 
carbureter  can  be  made  to  act  in  somewhat  the  same  way.  Ameri- 
can practice  regarding  alcohol  engines  is  for  obvious  reasons 
somewhat  behind  that  of  Europe,  but  the  indications  are  at  present 
that  this  condition  will  not  long  exist. 


CHAPTER  XITT 
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GAS    ENGINE    AUXILIAHIES:    IGNITION,    MUFFLERS,    AND    STAHTLVG 

APPARATUS 

Ignition.  —  There  are    four    methods   of   igniting   the   com- 
bustible charge  in  a  gas  engine.     Some  of  these  are  still  in  use, 
others  belong  to  the  period  of  gas-engine 
development.     These   methods   are  the 
following: 

1.  Ignition  by  an  open  flame. 

2.  Ignition  by  hot  tube. 

3.  Ig  ui  t  io  n  by  he  at  o  f  c  o  m  press  ion , 

4.  Ignition  by  electric  spark. 
Ignition  by  open  flame  is  practically 

obsolete,  and  ignition  by  hot  tube  is  also 

fast  falling  into  disuse-     As  a  matter  of 

fact,  except  for  the  Diesel  engine,  the 

__^     Horns  by -Akroyd  atid  a  few  others,  which 

—J     ignite  the  charge  or  fnel  by  heat  of  com* 

Fori     press  ion,    the    method    of    igniting    the 


L 


-^- 


Fig,  13-1,— Burnett's 
Ignition  Cock. 


hej 


charge  by  the  electric  spark   is  toKla 
the  means  most  generally  employed, 

I .    Ignition  by  Open  Flaiiie.  —  This 
method  has    l^een  sujierseded    probably 
because  of  its  occasional   failui*e  and  tiie  obvious  danger  coq^j 
nee  ted  with  its  use  under  certain  conditiors.  ^| 

The  simplest  arrangement  of  this  tyjie  is  Barnett*s  ignitloi^^ 
cock,  Fig,  13-L*    Tiiis  consists  of  a  hollow  plug  which  works 
a  shell  having  tw^o  jx^rts,  1  and  2.    The  former  opens  to  l| 
atmosphere  and  communicates  with   an  outside   flame,   A,  th^ 
latter  opens  into  the  cylinder.     The  port  3  in  the  plug  is  of  such 
a  size  that  it  may  communicate  either  with  port  1  or  2,  but  never 

*  Clerk,  The  Gaa  and  Oil  Engine,  p.  2Q7. 
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with  both  at  the  same  time.  Inside  the  plug  ]b  placed  a  gas  jet 
as  shown.  Gas  Bhould  be  admitted  to  this  at  such  a  rate  that 
the  flanie  burns  inside  of  the  phig  and  not  out  thnjugh  the  ports 
3  and  L  The  proper  size  of  the  ports  has  much  to  tto  with  the 
proper  admission  of  air  to  the  inside  of  the  plug  to  keep  the 
flame  alive,  as  shown  by  the  arrows.  If  now  the  plug  is  quickly 
turned  through  90  degrees,  making  the  pt:>rt  3  register  with  port  2, 
enough  air  is  contained  in  the  plug  to  keep  the  flame  burning 
during  the  interval,  ami  the  combustible  mixture,  entering  the 
plug  much  iis  the  air  enters  it  in  the  iii^t  posit  ion »  is  instantly 
ignited.  Here  again  the  proper  size  of  the  ports  is  of  importance, 
for  if  the  mixture  cannot  circulate  through  the  plug,  it  must  reach 
the  flame  by  diffusion.  The  chances  are  that  in  that  time  the 
flame  has  died  out  and 
ignition  fails.  The  flame 
is  blown  out  by  the 
force  of  the  explosion, 
or  dies  out  for  lack  of 
air,  but  is  immediately 
relighted  by  the  out- 
side flame.  ^4^  when  the 
plug  returns  to  its  for- 
mer position. 

Harnett  *s  scheme 
was  ojjen  to  the  objec- 
tion that  since  the  flame  chamber  in  the  plug  was  always  under 
atmospheric  pressure,  the  combustible  mixture,  if  compressed  to 
any  extent,  might  extinguish  the  flame  by  sudtlen  inrush  when 
^  j|K>mmunication  was  established*  Several  methods  to  obviate  this 
were  invented,  notably  by  Otto  and  by  Clerk.  The  latter  differs 
from  the  former  in  that  it  will  of)enite  at  higher  engine  sfx^ecls; 
Otto's  scheme  failing  at  comparatively  low  speeds.  A  very  simple 
sohition  of  the  problem  is  shown  in  Koerting^s  igniter.  Fig.  13-2.* 
The  plug,  b,  see  left-hantl  section,  is  practically  a  divergent 
nozzle.  The  pressure  of  the  combustible  mixture  during  com- 
pression raises  the  plug,  and  some  of  the  mixture,  escaping  through 
the  fine  opening,  c,  Ls  ignited  by  the  open  f!ame>  d.  At  the  in- 
stant the  piston  reverses,  the  plug  is  forced  down  by  the  plungeij 
*  Schdttleri  Die  Gasmachioe. 


FiQ,  13-2.— Koertinglgijiter, 
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a^  closing  both  the  top  and  the  bottom  openings.  But  the  mix- 
ture contained  in  the  nozs&le,  hj  keeps  on  burning  untU,  at  the 
instant  the  side  openings,  e,  arc  freed,  the  flame  strikes  into  the 
cylinder  and  ignites  the  charge,  Tlie  right-hand  section,  Fig, 
13-2,  shows  the  ignition  pt>sition. 

2.    Ignitton  by  Hot  Tube, — The  simplest  form  of  the  hot; 
tube  ignition  apparatus  has  alrejidy  been  shown  in  Fig.    1 1 
Chapter  XL     It  consists  merely  of  a  small  tube  3  or  4  inches  long, 
of  steel,  porcelain,  or  platinum.     The  opx^n  end  of  this  tul:>e  is  i; 
communication  with  the  combustion  chanil>er,  the  other  end 
closed.     The  tube  is  kept  red  hot  for  a  certain  part  of  its  length 

generally  by  means  of  a  Bun^en 
burner,     A    chimney    surround b 
both  burner  ami  tube  to  prevenl 
loss  of  heat  by  radiation  as  fj 
as  [KJRRible, 

The  action  of  the  hot  tube 
may  W  explained  as  follow^s ;  At 
the  end  of  the  exhaust  stroki 
the  tube  m  filled  with  burne 
gases,  and  these  are  not  replaced 
by  the  fresh  mixture  even  at 
the  end  of  the  next  suction 
stroke,  because  the  time  avail 
al>le  is  too  short  for  difTiision. 
During  the  compression  stro! 
the  burned  gases  are  l>eing  compressed  into  the  closed  end  of  t 
tube  and  are  follow^ed  up  by  the  fresh  mixture.  But  no  expkision 
follows  even  if  this  mixture  reaches  the  red-hot  part  of  the  tube 
as  long  as  the  velocity  of  flame  propagation  out  of  the  tube  is  less 
than  the  velocity  of  the  fresh  charge  into  the  tu^jc.  When  the 
former  becomes  greater  than  the  latter,  which  happens  at  or  juslH 
l:>eforethe  piston  reaches  the  dead  center,  the  flame  shoots  out  ant^" 
igniter  the  charge.  It  is  plain,  however,  that  in  the  device  shown  in 
Fig,  1 1-5  the  pasition  of  the  hot  zone  along  the  tube  must  l>e  about 
right  or  pre-ignition  may  residt.  Want  of  adjustment  in  this 
arrangement  has  led  to  the  improved  hot  tube  shown  in  Fig.  13-3. 
In  this  case  the  position  of  the  hot  zone  along  the  tube  may  \ie 
varied  as  shown,  thus  giving  some  contrtil  over  the  time  of  ignitior 


%.: 


Fio.  l3-3."Adjasta!)le  Hot  Tuhe. 
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In  order  to  completely  control  the  time  of  ignition  the  or- 
dinary hot  tube  has  been  perfected  by  the  addition  of  a  so-called 
timing  valve. 

In  Fig.  13-4,  G  m  the  tube  kept  hot  in  the  ordinary  way. 
Timing  vaJve  E  is  normally  kept  closed  by  the  coil  spring  C.  At 
the  proper  time  in  the  cycle  the  ignition 
cam  (not  shown),  through  the  link,  B, 
and  the  bell-crank,  A-D,  compresses 
the  spring,  C,  and  opens  the  valve. 
Ignition  then  ensties.  The  valve  is 
kept  open  during  the  expansion  and 
exhaust  strokes/  The  time  of  ignition 
may  be  changed  by  changing  t  he  posi-  ' 
tion  of  the  cam. 

Timing  valves  are  open  to  the  ob- 
jection that  they  are  very  difficult  to 
keep  in  shape  under  the  high  tempera- 
tnrm  occurring.  To  avoir  1  the  use  of 
the  small  valve  in  tlie  cylinder.  Kocrt- 
ipg  has  used  the  scheme  shown  in  Fig 


¥ 
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Fig. 


13^.  — Hot  Tube  with 
Timing  Valve, 
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13-5;  a  is  an  ojien 
hot  tul>e  made  of  porcelain.  In  it  there  is 
placed  the  small  platinum  tul>e,  r.  Dur- 
ing compression  some  of  the  mixture  es- 
capes through  c  and  the  valve  L  When 
ignition  k  desired,  k  shuts  the  exit  and  the 
flame  in  a  strikes  back  into  the  cylinder. 
Hot  tuljes  may  be  from  two  to  four 
inches  long,  and  from  one-quarter  to  one- 
half  inches  internal  iliameter.  They  may 
be  made  of  steel,  platinum,  or  Porcelain. 
Porcelain  is  l^est  lie  cause  cheap  and  nearly 
indestructible  by  heat. 

Tltc  hot  tulie  finds  application  in  small 
and  medium   sized   stationary'  machines 
only.     It  is  fully  as  cheap  to  operate  as 
electric  ignition  and  just  as  cert.ain. 
In  large  machines  this  method  of  ignition  is  not.  as  satisfac- 
tory, because  the  ignition  itself  is  hardly  sharp  enough  for  the 
laige  volume  of  gas^  and  because  in  many  cases  the    di.Htance 


mi 


Fio.  13-5*^  Koprting  Hot 
Tuljc  Igniter. 
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the  flame  has  to  strike  is  too  great.    Care  should  be  taken  t&, 
place  the  tube  at  the  proper  point,  If,,  where  a  good  mixture  i 
the  openiug  of  the  tube  Is  iusujied,  and  where  the  opening  cannol] 
be  clogged  l>y  nil  or  water* 

3<  Igniting  the  Charge  by  Heat  of  Compression.  —  This 
method  of  igniting  the  charge  is  practically  limited  to  liquid 
fuels  and  is  carried  out  in  several  ways. 

(a)  Only  air  is  compressed  to  a  very  high  degree  so  that  iti 
temperature  is  high  enough  to  ignite  the  fuel  as  it  k  injected 
the  beginning  of  the  working  stroke.    This  is  Diesel  s  metho 

(b)  The  chai^ge  may  be  ignited  by  means  of  a  hot  bulb 
chamber  connected  to  the  combustion  chaml^er  proper  by 
narrow  neck  or  opening.  There  are  two  modifications  nf  thi 
method*  In  the  one  the  fuel  is  injected  into  the  combustioi! 
chamber  on  the  suction  stroke.  During  the  next  stmke  ihe 
mixture  is  compressed  into  the  hot  bulb  and  ignites.  The  com- 
bustion, however,  is  confined  to  the  bulb  until,  near  the  end  of  the 
compression  stroke,  the  velonity  of  flame  propagation  exceeds 
the  velocity  of  gases  entering  the  narrow  neck  of  the  bulb,  whe 
the  flame  strikes  out  and  general  ignition  ensues.  The  actic 
of  the  bulb  is  therefore  very  similar  to  that  of  the  open  hot  (ub 
The  main  difference  is  that  after  the  bulb  has  been  ext email 
heated  at  the  start,  the  heat  of  compression  soon  keeps  the  walls 
of  the  bulb  at  a  sufficiently  high  temperature  so  that  the  external 
flame  can  be  extinguished.  ^_ 

In  the  second  modification^  the  hot  bulb  or  chamber  is  uselH 
at  the  same  time  as  a  vaporiser.     Thus  in  the  Hornsby-Akroyd 
engine,  the  fuel  is  injecteil  into  the  ehaml>er  by  a  pump  at  tlic^ 
beginning  of  the  suction  stroke.     The  piston  <lraws  nothing  buliH 
air  on  this  stroke,  which  air  is  partly  forced  iuf  o  the  bulb  on  the 
return  stroke.     Here  it  mixes  with  the  oil  vapor,  which  formed, 
due  to  contact  with  the  hot  walls,  and  while  (combustion  inay 
ensue    it  cannot  be  general  because   hardly  enough  oxygen  is 
present  in  the  bulb  or  ^■^aporizer.     Near  the  enil  of  tlie  com- 
pression stroke,  however,  the  flame  strikes  out,  and  the  combus- 
tion becomes  explosive.     As  in  the  former  vtlbq,  tlie  vajiorizer 
heated  by  a  lamp  at  the  start,  but  after  a  few  minutes  of  open 
tion  the  walls  of  the  vaporiaer,  if  well  protected,  remain  at  a  dull 
red  heat,  due  to  the  heat  of  compression- 
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Capitaiae  *  employs  a  method  which  differs  frcm  that  used 
in  the  Hortisby  engine  in  that,  at  tlie  moment  tlte  fuel  is  injected 
into  the  vaporiser,  a  little  auxiliary  air  is  also  admitted  which 
sweei^  the  oil  vapor  formed  into  the  t'ombustion  cluimber  proper, 
where  it  meets  the  main  body  of  air  arid  m  ctjmpressec!  with  it. 
Ignition  ensues  from  the  hot  walls  of  the  vaporizer  as  in  the 
other  casea. 

4.  Ignition  by  Means  of  the  Electric  Spark.  —  Electric  Igni- 
tion is  to-day  used  more  than  any  other.  In  fact  in  some  branches 
of  the  industry,  automobile  WTirk  for  instance,  it  is  used  exclu- 
Bively.  The  reasons  for  this  are  not  far  to  seek.  As  compared 
with  the  hot  tube,  there 
is  no  flame,  and  no  fue! 
required  to  feed  it.  The 
system  is  perfectly  flex- 
ible and  susceptible  of 
perfettt  timing. 

There  are  a  number 
of  electric-ignition  sys- 
tems in  use,  differing 
in  their  methods  of 
wiring,  their  sources  of 
current,  etc,  but  con- 
sidering for  the  moment  nothing  but  basic  principles,  all  the 
systems  may  be  grouped  under  two  heads.     These  are: 

L    Make-and- Break  Ignition,  and 

2.   Jump-apark  Ignition, 

In  what  foHowi?,  only  tiie  elementary  principles  of  electric 
ignition  will  be  discussed.  For  a  comprehensive  exi>ueition  of 
the  subject,  consult  '*  Electric  Ignition  for  Motor  Vehicles*'  by 

W,  Hibljert,t 

L  Makr-akd-Break  lG?fiTioN,  — The  simplest  kind  of  make- 
and-break  circuit  is  shown  in  diagram  in  Fig,  13-64     ^^  ^^*8 

figure,  B  is  a  source  of  current  and  c  a  so-called  spark  coil.  In 
this  case  such  a  coil  consists  merely  of  a  numl)er  of  turns  of 
comparatively  heavy  wire  wound  about  a   bundle  of  wrought- 

♦  Zi-ilsrbrift  d.  V.  d.  L.  1907,  p.  919. 

t  Wbitliiker  Sl  Co.,  W-fia  Fifth  Avp.,  New  York  City. 

%  Uo\K*Tiii.  Thi?  Gas  Engine  HandlxKik, 


Fio.  13^.  —  Make-and-BnMik  Cinjuit. 
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iron  Tiires.      Tliis  eoil  is  in  series  with  the  cLreuit,  and  act 
an  inductive  resktanee.     When  the  circuit   is  broken,  it  servei^ 
to  intensify  tl^  pressure;  causing  a  hot  spark  at  the  potut  of 
break.      For  tlik  reason  the  wxiter  prefers  to  caJJ  this  kind  of 
eoil  an  intensifying  coil  rather  than  a  spark  coil,  wluch^  as  used  _ 
in  jump^park  ignition,  is  a  very  different  thing. 

The  make-and*break    mechanism   consists   in  this  ca*se  of 
stationary'  electrode^  c  insulated  fn>m  the  rest  of  the  engine,  and 
a  movable  electrode^  p.    The  latter  is  connect^  to  a  flat  springy 

S^  which  in  tuni  is  in  contact 


^Xfsftn' 


Flo*  IB-T.^Make-aiid-Breakl^itioD 

Apparatus. 


with  the  cam,  C     The  current 
flows  from  B,  thjt)ugh  the  inteii*s|| 
sifying  coiJ,  c,  to  the  electrode, 
p^  and  from  here  through  the 
electrode,  e,  back   to    B,   thus 
completing     the    circuit*     The  fj 
operation  is  as  follows:  Cam  C^ 
rotating  in  the  direction  of  tt 
arrow,  first  presses  electrode 
against  electrode  c,  making  the^ 
circuit-    At  the  proper  moment, 
spring  5  slips  off  the  cam,  sud-^n 
denly  fonning  a  gap  l>etvreen  f^^ 
and  c,  across  which  the  spark 
jumps. 

This  type  of  make  and  break 
mechanism    is    known    ae   the 
An  example  from  practice   is  shown   in   Ftgi^H 


hammer  break. 

13-7.*     The  source  of  current  in  this  case  is  a  Bosch  magnet o.i^H 
The  current  flows  from  d  to  e,  the  stationary'  electrode,  and  re- 
turns through  /.  the  movable  electrode,  and  the  forked  rod,  h^^m 
Actuated  by  a  latching  arrangement  on  the  lialf-time  sliaft,  ttifi™ 
armature  lever  is  pulled  to  the  left  about  20  degrees,  as  shown  in 
the  lower  figure*     This   puts  the  tw^o   jiowerful   helical  springs 
shown  in  tension,  so  that  when  the  latch  releases,  the  armature 
sleeve  instantaneously  returns  to  its  normal  position,  generating 
the  required  current  by  cutting  the  lines  of  force  with  great 
rapidity.    At  the  same  instant  the  fork,  h,  strikes  the  bell  crank,  g, 
♦  Gflldner,  Verbrennun^motORin,  p.  365. 
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thus  separating  /  from  c,  and  causing  the  spark.  This  method 
is  susceptible  of  adjustment  by  regulating  the  time  of  release  of 
the  latch. 

It  should  be  noted  that  in  this  particular  instance  the  two 
electrodes  are  in  contact  until  the  spark  is  desired.  This  is  ad- 
missible because  with  the  source  of  current  used,  electric  energy 
is  generated  only  for  an  instant,  just  before  the  break.  If  a  con- 
tinuous source  of  current,  such  as  a  battery  for  instance,  is  used, 
it  becomes  necessary  to  modify  the  mechanism  so  that  the  elec- 
trodes are  in  contact  only  for  a  short  time  before  the  break; 
otherwise  the  system  would  l>e  very  wasteful  of  current. 

The  hammer-break  mechanism  is  oi:)en  to  two  objections, 
rapid  wearing  away  of  the  jxiints  and  fouling.  The  former 
is  aggra%'ated  if  too  strong  a  current  h  used.  It  is  usual, 
therefore,  to  make  the  points  of  contact  of  some  metal  that  will 
not  easily  corrode  or  wear  aw^ay  under  heat.  Platinum,  or  plati- 
num-iridium  is  extensively  used  for  this  purpose.  There  are,  how- 
ever, some  special  alloys  on  the  market,  such  as  Baker  &  Co.'s 
**  Special/*  wliich  are  somewhat  less  costly^  but  do  tlic  work  fully 
as  w^ell  or  l>etter.  Platinum  is  practically  indestructible  by  heat, 
hut  it  iB  hardly  hard  enough  to  stand  the  wean  The  only  remedy 
for  fouling  is  jx^riodic  cleaning,  although  the  claim  is  made  for 
some  of  the  special  alloys  that  they  remain  Ijright  indefinitely. 

To  overcome  the  objectioix  of  folding,  a  modification  of  the 
make-and-brcak  system  known  as  the  wipe  spark  is  sometimes 
ena ployed.  In  this,  one  electrode  is  made  to  revolve  and  a  pro- 
jection on  it  "wijies*'  acrof^s  the  other  clectnjde  at  the  proper 
time,  causing  a  spark  ou  the  break.  The  spark  prfjduced  in  this 
way  is  perhaps  hotter  than  that  formed  by  the  hammer  break, 
and  fouling  of  the  sparking  surfaces  is  effectually  prevented.  On 
the  other  hand,  the  wear  is  nmch  greater. 

Make-and-break  ignition  has  the  advantage  that  only  a  low 
voltage  is  requirefl  to  operate  it.  The  pressure  ordinarily  used 
is  from  six  to  eight  volts,  while  in  many  cases  from  two  to  four 
volts  is  quite  sufficient.  There  is  thus  much  less  danger  from 
leakage  of  current  anrl  short-circuiting  in  this  system  than  there 
is  in  tlie  jump  spark  method. 

The  disadvantages  of  the  system  regarding  wear  and  fouling 
hs,\e  been  already  pointed  out*     Another,  as  compared  with  the 
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jump  spark,  consists  in  the  fact  that  some  mechanically  operated 
gearing  is  required  to  "trip"  the  igniter.  Both  this  fact  and  the 
rapid  wear  of  the  contact  points  have  led  designers  to  adopt  the 
jump-spark  system  for  high  speed  work.     Lately,  however,  there 


FiQ.  13-8. —  Plan,  Fay  &  Bowcn  Engine. 

seems  to  he  a  tendency  to  adapt  the  make-and-break  system  also 
to  high  speeds,  caused  no  doubt  by  the  veiy  obvious  disadvantages 
of  the  jump  spark.  There  are  wa>-s  of  efficiently  operating  a 
high-S[^)eed  trip  gear.     One  of  these,  used  by  the  Fay  &  Bo  wen 

Engine  Co.  for  medium 
high  speeds,  is  shown 
in  ligs.  13-S  and  13-9. 
Fig.  13-S  shows  a  plan 
view  of  the  venical 
engine.  The  igniter 
shaft.  .4.  passes  ver- 
tioallv     downward 


Fig.  13-9.  —  Igiiitor  Block.  Fay  vt  Bowen 

Ell  cine. 
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re  can  he  no  slip.  As  the  cam,  C,  revolves,  it  engages  the 
rfutig^r  D  and  forces  it  back  against  the  spring  G.  When  the 
lunger  sli[>s  off  the  cam,  the  hammer,  E,  strikas  the  movable 
rfeetrode,  F,  separating  it  from  the  stationary  electrode,  J,  caus- 
ig  the  spark.  This  action  is  carrietl  out  with  the  same  rapidity 
3  matter  how  fast  the  fly-wheel  is  revolved  at  the  start.  For 
ihe  greater  part  of  its  revolution,  cam  C  is  not  in  contact  with  the 
unger,  D,  and  hence  the  electrodes  are  separated,  thus  main- 
tuning  an  open  circuit  for  the  greater  part  of  the  time  and  pre* 
renting  the  waste  of  current*  Just  as  soon  as  C  commences  to 
pmh  back  the  plunger  D,  the  spring  H  pulls  back  the  movable 
iectrode  F.  and  contact  is  made  for  a  sufficient  length  of  time 
;o  insure  a  good  flow  of  current. 

The  igniter  plug*  shown  in  greater  detail  in  Fig,  13-9,  is  en- 
iiely  iiKle|>endent  of  the  ciriving  gear  and  is  held  in  place  by 
our  bolts,  which  can  l>e  removed  at  a  moment's  notice.  The 
at  of  the  plug  is  a  ground  joint.  The  spark  p<:jints  can  there- 
ore  l>e  examined  and  the  plug  replaced  in  a  verj*  short  time,  or 
new  plug  may  l>e  sulistituted  for  the  old  one.  The  chances  for 
(rear  in  the  whole  arrangement,  however,  are  very  small  and 
lie  re  seeins  to  be  no  reason  why  this  igniter  gear  should  not  be 
ised  for  speeds  mufh  higher  than  those  for  which  the  designers 
low  use  it.  Adjustment  of  the  spark  in  this  gear  is  maile  in  a 
rery  simple  way  by  pivoting  the  gear  B  about  the  center  of  the 
ihaft  *4,  thus  changing  the  position  of  the  cam.  C,  with  relation 
lO  the  plunger.  The  adjustment  is  controlled  by  the  hand  lever 
ihown.  Should  the  le^■er  by  any  accident  be  left  in  the  advanced 
park  position,  so  that  the  engine  may  get  an  explosion  turning 
tlic  HTong  way  the  next  time  it  is  started,  a  small  cJutch  located 
ler  the  igniter  cam,  (\  immediately  frees  the  cam  so  that  no 
nd  back  explosion  can  take  place, 

2.     Jump  Spark  Ignition.  —  Figure  13-10*  shows  diagram- 

atically  the  simplest  type  of  jump-spark   system.     There  are 

all  cases  a  primary  or  low-tension  and  a  secondar)^  or  high- 

nsion  circuit.     The  primary  circuit  is  shown  in  heavy  line  and 

contains  the  source  of  current,   /?,     The  current  fiows  from  B 

through  an  arrangement,  T^  called  the  interrupter,  commutator, 

ir  timer,  which  serves  to  make  and  break  the  primary  current  at 

*  T.  H,  White,  Petrol  Motore  and  Motor  Cara. 
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the  proper  time.  It  tlien  passes  through  the  primar)*  winding, 
of  the  spark  coiJ  and  retiirns  to  the  source,  completing  the  primary 
circuit-  The  secondary  circuit,  shown  by  a  light  line,  consists 
of  the  secondarj^  winding,  *S',  of  the  spark  coil  aiid  a  spark  plug  in 
the  cyUnder  of  the  engine,  indicated  in  the  figure  by  Z,  It  should 
be  noted,  in  connection  with  the  secondary  circuity  that  this  cir- 
cuit is  never  actually  closed,  since  a  spark  gap  always  exists  in 
the  spark  plug.  Hence  current  cannot  be  saiil  to  How  in  this 
circuit  until  the  tension  or  voltage  becomes  high  enough  to  britli 
this  gap  by  a  spark. 

To  understand  the  operation  of  the  jump^park  system  it 
necessary  first  to  study  the  action  of  the  spark  coil.     There  i 

c  two  kinds  of  these  coils, 

Vi        r  A^=^'" — ^        non-trembler  and  the  treni- 

jf^        \  I        TtY ^        bier  coil. 

i  fl'^T  \  f\^^  former  is  the  tyj 

indicated  in  Fig.  13-10.  Its 
actual  construction  is  about 
as  follows:  /  is  the  core  of 
the  coiJ  consif^ting  of  a  bun- 
dle of  fine  iron  wires.  This 
is  covered  with  a  layer  of 
some  insulating  material, 
and  around  tliis  is  wound 
the  primary  winding.  Tli 
consists  generally  of  several  layers  of  insuhited  copper  wnf 
about  No.  20  or  22.  A  light  layer  of  insulation  next  sepa- 
rates this  from  the  secondary  winding,  which  consists  generally 
of  some  10  to  15000  turns  of  very  fine  insulated  wire.  Each 
layer  of  this  wire  is  separated  from  the  next  by  a  layer  of  insula- 
tion to  prevent  short-circuiting  under  the  very  high  pressur 
occurring. 

To  understand  easily  what  follows^  it  is  necessary  merely 
remember  that  if  any  conductor  of  elct^tricjty  is  moved  .acro^ 
magnetic  field,  or  if  a  magnetic  field  is  moved  across  a  conduct c 
an  electric  current  will  immediately  l>e  set  up  in  this  coufluctor. 
Flirt  her,  that  if  a  current  l^e  passed  through  a  conductor,  a  ms 
netic  field  will  immediately  be  set  up  arotmd  the  conductor. 
Now,  in  the  spark  coil  described,  a  current  is  sent  through  tl 


p 


JWOTu' 


U    u 

FlO.  IJ-IO. — Simple  Jump-Gpark  Systom. 
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primary  winding  as  soon  as  the  coot  act  is  closed  at  T,  This 
converts  the  iron  core  of  the  coil  into  an  electro-magnet,  setting 
up  a  stnmg  magnetic  fiplrl.  Tlie  magnetic  lines  move  outward 
acrtBS  the  windings  of  tlie  seetnulary  circuit  and  induce  a  high 
tern  ion  in  this  circuit.  Bnt,  owing  to  ^If-induclion,  the  build- 
ing up  of  the  magnetic  field  is  much  slower  than  the  coJlap^^e  of 
the  6eld  when  the  primary  current  is  suiklenly  interrupted  at  T, 
The  magnetic  lines  then  move  inward  across  the  secondary  wind- 
ing with  much  greater  rapidity,  hence  the  prespure  induced  is 
niU4*h  higher  than  that  existing  during  the  building  up  of  f  fie  field, 
and,  if  the  spark  plug  m  right  for  the  coil,  a  spark  will  bridge 
acroee  the  gap  in  the  cylinder,  igniting  the  charge*    The  fact  that 


fl 


Flo.  13-1 1.  —  Jump-flpark  Rystem  with  Trt^nibkr  Coil. 

the  voltage  induced  on  the  making  of  the  current  is  not  high 
enough  to  bridge  the  gap  prevents  the  occurrence  of  a  double 
spark  in  the  cylinder,  which  might  lead  to  pre-ignition  of  the 
charge. 

Since  with  the  non4  rem  bier  coil  the  current  in  the  primary 
is  established  oiily  once  when  ignition  is  desired,  only  a  single 
spark  will  occur  in  the  cylinder.  It  m  possifile  tliat  this  single 
spark  may  fail  to  fire  and  a  series  of  sparks  at  the  time  of  ignition 
is  hence  an  advantage.  This  has  led  to  the  adoption  of  the 
trembler  roll,  Fig.  13-11*.  The  circuit  shown  in  this  figure  is 
the  same  as  that  of  Fig.  13-10,  except  that  a  trembler  or  "  buzzer'* 
T  and  a  timer  or  commutator  W  have  been  substituted  for  the 

»T.  H.  White,  Petrol  Motor  and  Motor  (^n. 
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simple  inake-and-bmak  mechanism,  'f,  of  Fig,  13-10,  The 
action  of  the  trembler  is  simple.  As  soon  as  W  makes  cantiicl, 
the  primary  ciirretit  converts  the  core,  l^  into  an  elect ro~miignet 
which  attracts  the  itrmiiture,  A^  of  tlie  trembler  bhide.  This 
action,  however^  breaks  the  primary  ttiirrent  by  pulling  the 
spring  blaile,  T,  away  from  the  conJr?tant  screw  at  E.  A  spark 
then  jumps  over  in  the  cyhnfier  jxs  before  explained*  The  break- 
ing of  the  primary  current,  however,  releases  the  armature,  vi, , 
which  returns  to  its  normal  pfjsition,  again  establishing  the  pri- 
mary circuit  at  E,  The  o  iteration  is  then  repeated.  This  art  ion 
establishes  a  pulsatinja;  pressure  in  the  sef^ondary  winding,  causing 
a  series  of  sparks  as  long  as  contHct  is  maintained  at  W. 

The  advantage  of  the  trembler  cod  has  already  lieen  pointed 
out.     The  disadvantagea  exist  in  the  fact  that  a  second  moving  \ 
part.  Is  introducect  into  the  primary  ciffuit  %vhich  must  be  keptj 
carefully  adjusted  if  the  system  is  to  work  satisfactorily* 

In  both  Figs,  13-10  and  13-11  it  will  be  noticed  that  there 
is  an  arrangement,  C^  called  a  condenser,  connected  across  the 
niake-and-break  mechanism,  in  tlie  non-trembler  coil  across  the 
interrupter,  in  the  trembler  coil  across  the  vibrator  or  buzzer. 
The  condenser  consists  of  a  large  number  of  sheets  of  tinfoil,  the 
number  depending  upon  the  capacity  desired.  Each  sheet  m 
separated  from  the  next  by  a  layer  of  insulation,  and  the  alternate  I 
sheets  are  connected  together.  This  manner  of  construction  m\ 
clearly  sliown  in  the  diagram.  The  object  of  the  condenser  is  to 
prevent  serious  sparking  at  the  nmke-and-break  contacts  in  the 
primary  circidt.  The  reasons  why  such  a  spark  occurs  at  all  in 
such  a  circuit  is  that  the  collapse  of  the  magnetic  field  not  only 
induces  a  high  pressure  in  the  secondary  windingj  but  also  causes 
a  momentary  increase  in  the  pressure  in  the  primary,  thus  bridg- 
ing any  small  gap  by  a  spaJ^k,  and  causing  rapid  wear  of  the  con- 
tact points  of  the  trembler  at  E,  Fig.  13-11.  When  the  primary i 
circuit  is  now  broken  at  E,  the  current  induced,  instead!  of  jump- 
ing across,  is  expended  in  charging  the  condenser.  The  action 
is  very  similar  to  that  of  an  air  chaml>er  on  a  hydraulic  pipe  line  J 
absorbing  shock  by  compressing  air  The  next  time  the  primary 
circuit  is  closed  at  E,  the  condenser  discharges  and  helps  to  send 
a  current  through  the  primary. 

As  actually  constructed,  spark  coils  are  very  compact*    ThtJ 
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condenser  is  generally  placed  under  the  noils,  and  the  whole  is 
enclosed  in  a  tight  wooden  l>ox.  Externally  nothing  sho^^  but 
the  terminals  and  the  trembler^  if  the  coil  la  of  that  type.     In 


m  ^ 


Fig,  13-12.  —Thtt^t-Tt^rtiiiiml  8purk  Coil. 

some  coils  one  end  of  the  secondary  foil  is  connected  to  one  end 
of  the  primary  winding,  so  that  only  three  terminals  show,  as  in 
Fig.  13-12.  Fig.  13-13  shows  a  four-terminal  coil,  the  secondary 
terminals  being  on 
top.  The  treml)Iers 
are  of  various  con- 
structions, nearly  each 
maker  having  his  own 
design.  They  must 
give  a  quick  break. 
They  f^hould  be  easy 
of  fiiie  adjustment , 
but  the  adjustment, 
once  made,  should 
gtay*  In  many  cases, 
.  for  automobile  and 
inarinc  purpt>ses,  the 
entire  spark  coil  h  enclosed  in  a  second  box  with  tight  cover,  so 
as  to  prevent  fouling  by  mud  or  water.  An  example  of  this  is 
shown  in  Fig.  13-14. 

Timers.  —  A  %*ery  important  part  of  a  jump^park  system  is 
the  device  making  and  breaking  the  primary  circuit,  for  every- 
thing depends  upon  the  non-failing  regularity  of  its  performance. 


Fig.  13-13,  —  Foiir'Tcrnunal  Coil. 
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Wm.  13-14.  —  Dash-txiard  Cod. 


There  is  a  large  numl)er  of  such  timetB  or  com  mat  at  ore  on  the 
market,  all  more  or  less  good.     Figs.  13-15  to  13- IS  show  a  few 

of  the  designs.  The  fundameotal 
idea  in  all  of  these  is  the  same, 
Ttie  half-time  shaft  actuates  a  cam 
or  wiper  inside  of  a  case,,  which 
cam,  at  the  proper  time,  makes  and 
breaks  contact  with  irsulated  ter- 
minals held  by  the  snrroundiog  case. 
The  number  of  such  terminals  de 
pends  upon  the  number  of  cylic 
ders.  A  great  deal  of  ingenuity 
shown  in  the  pre\*ention  of  fricti 
between  the  cam  and  the  termina 
The  action  of  the  8int2  timer*  Fij 
13-15,  is  obvious.  Here  wie  hav< 
roller  contact,  the  ends  o(  the  u 
minals  are  hardened  steel,  aDtl  tl 
case  is  dust  proof.  Of  sinnewhi 
similar  des^  is  the  Lacoste  timer, 
Ftg.  13-16.  The  cross-section  shows  clearly  (he  manner  of  con- 
st met  ion.  Somewhat  more  complicated,  but  of  excelleot  dei%ii, 
is  the  Pittsfield  timer,  Fig.  13-17.  In 
the  Oouse-Hinds  double  ball  timer. 
Fig,  13-18,  the  cam  on  the  half-time 
shaft  passes  lielween  two  steel  balls, 
held  as  shown,  Tliis  maJcess  the  con- 
tact posit i\^,  keeps  the  surfaces 
clean,  and  the  wear  is  very  small. 

With  any  of  the  abo>^  devices, 
the  time  of  sparking  may  be  vaneil 
by  shifting  the  tenBinals  with  ref- 
erence to  the  cam  or  wiper  on  the 
luiU-4iiiie  sbaft.  Some  tin^re  incor- 
porate fovemors   to   automatically      f^.  I3*ia. StetTif^rr. 

time  the  spnrk. 

Sparii  Plu^,  —  A  spaifc  |tlu;g  eoosists  of  tiro  ekcttfidefr  or 
sfiftrkiQIt  points  which  ate  held  a  certain  dbtanre  apait  tn  the 
eyttmler,    Tbo  cent  ml  electrode  k  insulated^  white  thm  fnrtalfa 
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Tlir  TiHi^t   unpnrf  Ant   part  cif  the  entire  |ihie  m  peihmjm  Urn 
iii«u)fi!iiMi  Mf  t}»4^  icntral  di^ctrode.    Amoz^  tiic  nmigriMh  land 

iar     tfaiB     jiugMBft, 
jporeelaiii  ttud 
tofcr  iW  lend, 
celain,  irbllr 

to  bdeftk  under  mj 


K-i: 


^. 


Flti.  la-U.  — (>%>u«i^lliti«lii  IVmlile  n^ill  Tiftv'r. 


How  vnrituii*  lUHiiufnii  im^fiA    r 
linvr  rriiHt  to  Uikr  into  aceouti! 

sho^n  in  Fin.  K^  IS^*  TU 
firs!*t  six  |*!iipt  theiv  tthown  havt» 
|M>rrelain,  antl  I  he  \nA\  \  wo  iiiit-A 
itisiihition.  1^ 

It  ahouKi  lie  renirmlicTT^i  it 
eimnc^  ion  wit  h  ^imrk  \^u^ ,  I  ti^ii 
fiitice    t!se  elect  rinil    resist  aticr    t 
QCitiEfi  thr  spark  ir^p  is  ^nr;iiur        ^    I 
wbtfi  ill  sHud  aperatkm  hi  tbo        |||| 
efi^inie  than  when   in  or^linary    fiaai-l9.^Vaf*0»J 
air^  a  plug  may  gi\^  a  fair  s|iark  FI19. 


beat,  nd  lii^ 
laiioD  1110011 

be  mrrii^i' def^aed 
vkh  this  poiHt  to 
xi&m.  Mica  »  wt 
open  to  tlua  iibjee- 
tioo  aiMl  U3  elert; 
eal  f«ita&rr  k  \f 
high,  but  omiBg 
itn  laminated  stftie*'^ 
iure^  oil  or  soot 
may  after  a  time  be 
foret^d  tietween  tl 
laminatious    iind^j 
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when  tested  in  air,  and  may  .still  fail  in  operation.  It  should  also 
be  remembered  that  heat  will  lower  the  electrical  resistance  of 
poreelain,  so  that  when  the  plug  is  very  hot,  short -circuiting 
through  the  insulation  may  result.  It  has  been  shown  by  ex- 
periment that  while  the  resistance  of  poreehiin  cold  was  about 
100  megohms,  this  fell  to  2  megohms  when  the  plug  w^as  at  a 
dull  red  lieat  and  sparking  ceased.  The  spark,  however,  was 
immediately  restored  by  an  external  spark  gap,  and  continued 
even  when  the  resistance  had  fallen  to  8(X),000  ohms.  Without 
the  external  gap.  if  t!ie  plug  was  allowed  to  cool  down,  sparking 
recommenced  when  the  resistance  of  the  porcelain  had  again  risen 
to  5  megohms. 

Auxiliary    Sjmrk    Gap.  —  As   the    name    implies ,   this    is    a 
second  spark  gap  placed  in  the  secondarv  circuit  outside  of  the 


Fia.  13-20.  —  Auxiliary  Spurk-gap* 

cylinder.  This  gap  acts  like  an  electrical  condenser,  above 
explained.  The  presBtire  Iniilds  up  on  «ne  of  the  terniioals  f>f  this 
gap,  until  it  k  high  enough  to  break  through  the  intervening  air, 
causing  an  impulse  of  very  high  pressure  through  the  circuit,  thus 
giving  a  good  spark  across  the  main  gap  in  the  cylinder.  Fig. 
13-20.*  shows  one  form  of  auxiliary  spark  gap.  The  advantages 
claimed  for  the  device  are: 

(a)  firewater  cert.ainty  of  sparking  in  the  cylinder,  since  the 
higlxer  pressure  generated  will  cause  a  spark  even  across  a  par- 
tially fouled  plug. 

(h)  Greater  life  of  battery,  since  current  cannot  leap  across 
a  fouled  pkig  as  long  as  the  auxiliary  gap  is  not  bridged, 

(c)  The  sparking  can  be  watched,  since  a  spark  across  the  gap 
always  means  a  spark  in  the  cylinder. 

*  Hoinanfi,  Automfj!>iles,  p.  290» 
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In  spite  of  them  facta  the  auxiliary  spark  gap  has  not  found^ 

extended  application, 

EELATIVE  ADVANTAGES  ANP  DISADVANTAGES  OF    MAKE-AXD-BREAK 
AND    JUMP-SPARK   SYSTEMS 


Make  and  Break  Igniii 


Low 


tension  throughout  the  tir* 
cuit,  requiring  lef^  thorough  insulation,  and  causing  leKS  trouble 
from  short -circuiting.  The  system  is  elect  r  it*  ally  more  simple, 
while  mechanically  it  is  somewhat  more  complex  than  the  jump- 
spark  system.  This  latter  fact  makes  it  somewhat  difficult  to 
appJy  to  high-ejjeed  engines. 

Jump-sjmrk  Igniiion.  —  Electrically  more  complex  than  the 
other,  but  has  no  moving  parts  iaside  of  the  cylinder. 

Can  lie  operatetl  under  very  high-s})eeds5  with  entire  success, 

and  hfis  the  greatest  flexibility  with  regard  to  spark  adjustment, 

Sources  of  Current.  —  All  sources  of  elect  rical  current  used 

for  clec^trtc  ignitiim  may  l)e  classed  under  two  heads; 

L   Chemical  GeneratorS|  under  which  come 

(a)  Primary  sources,  as  wet  and  dry  cells,  and 

(6)  Secondary  sources,  as  the  storage  battery  or  accumiilatorH 

2.  Mechanical    Generators,    variously    called    dynamos    and 

magnetos, 

1,    Chemical  Sources  of  Current. 

(a)  Wet  and  Dry  Celis,  —  All  chemical  cells  consist 
three  essential  parts,  a  positive  and  a  negative  electrode  and  an 
exciting  liquid*  called  the  electrolyte.  As  the  name  injplies^  in 
the  wet  ceil  this  elect rol3rte  is  used  in  its  liquid  form,  while  in  tb 
dry  cell  it  is  mixed  with  some  absorbing  material,  and  the  p:iflt 
is  used  to  fill  the  space  between  the  electrodes.  Take  the  d 
cell  as  an  example.  The  negative  element  is  usually  a  cartwin 
rod  placed  at  the  center  of  the  circular  case  which  forms  the 
envelojie  of  the  celh  This  rod  is  surrounded  generally  fimt  by 
a  layer  of  manganese  dioxide,  the  purpose  of  which  will  apjiear 
later,  and  the  rest  of  the  space  between  this  and  the  positive 
element*  usually  zinc  in  the  shape  of  a  cylinder,  is  then  filled 
with  the  electrolyte  paste,  the  original  liquid  being  usually  sal 
ammoniac  and  water.  The  top  of  the  cell  is  then  covered  with 
pitch  or  other  substance  that  prevents  the  evaporation  of  the 
liquid  in  the  paste^  except  that  a  small  vent  hole  is  left  to  allow 
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of  the  escape  of  any  gas  that  may  form  within  the  cell  due  to  the 
eheinicMl  action  going  on.  In  such  a  rell  the  current  generated 
by  the  action  of  the  electrolyte  passeg  from  the  zinc  to  the  carbon 
electrode,  so  that  as  far  aa  the  terminals  of  the  cell  are  concerned, 
the  carbon  is  the  positive  terminal .  The  chemical  action  destroys 
the  zinc  after  a  time  and  produces  hydrogen  gas  on  the  carlion 
element.  The  greater  the  amount  of  this  gas  defK>sited  on  this 
element,  the  slower  the  generation  of  current,  so  that  it  may 
finally  cease  altogether.  The  cell  is  then  said  to  l>e  polarized. 
In  dry  cells  the  gas  is  taken  care  of  in  two  %vays;  the  vent  hole 
in  the  top  allows  some  of  it  to  escape,  w^hde  the  layer  of  man- 
ganese dioxide  above  mentioned  al>sorbs  another  part.  But  it 
18  a  fact  that  by  these  means  not  all  of  the  gas  is  ren«lered  harm- 
less and  hence  the  cells  will  pohiriise  with  more  or  leas  rapidity. 
This  merely  means  that  if  current  is  drawn  from  them  coniinu- 
ously  for  any  considerable  length  of  time,  their  strength  will  fail, 
making  the  cell  appear  dead.  The  same  reasonhig  applies  to 
wet  ceils  where  the  hydrogen  is  allowed  to  escape  through  the 
liquid.  Now,  assuming  that  the  zinc  is  not  yet  tiestroyed,  if  a 
cell  so  polar! 2£ed  is  allowed  to  recuperate,  it  will  again  attain 
nearly  its  normal  strength  and  may  l>e  used  as  before.  The  cells 
are  said  to  be  adapted  to  "oi^en-circuit  work."  From  all  of  this 
it  m  quite  evident  that  in  places  where  the  requirement  for  current 
is  not  very  great  and,  above  all,  not  continuous,  the  primary  cell 
will  give  satisfactory  service,  Btit  where  the  draft  of  curreTit  is 
nearly  continuous,  as  in  high-epeed  four-cylinder  machines  for 
instance,  the  cell  will  rapirlly  polarize  and  sr^on  fail  to  give  suffi- 
cient voltage  to  o|ierate  the  spark  coil.  The  average  size  of  a 
dry  cell  is  about  24"  x  7*.  It  will  give  when  fresh  from  1.3  to 
L5  volts  and  from  12  to  15  amperes* 

It  should  be  understood  that  there  are  other  combinations  of 
electrodes  and  elect ro!}i:es  which  may  be  used  to  generate  cur- 
rent. Thus  the  so-called  soda -eel  I  is  made  up  of  a  zinc  phite  and  a 
copper-oxide  plate  with  a  caust  ie  soda  solution  as  the  electrolyte* 

(b)  Storage  BArrKRiKH  or  Accumulators.  —  A  storage  cell, 
like  a  primary  cell,  consisL>3  of  two  electrodes  dipped  in  an  elec- 
trolyte, but  contrary  to  t  lie  primary  cell,  it  cannot  give  off  elec- 
trical energy  in  its  original  stale  when  the  circuit  u  closed.  It  is 
tiecesfiary  to  charge  a  storage  cell  before  it  c^n  return  electrical 
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energy  on  the  discharge.  The  charging  action  causes  chemical 
changes  in  the  material  of  the  electrodes  and  in  the  elect  ml  vie. 
The  enei^y  so  rendered  latent  is  nearly  all  restored,  when,  after 
the  charging  current  is  disconnected,  the  outside  circuit  is  closed. 
Chemical  changes,  producing  a  current  in  the  reverse  direction, 
then  take  place  in  the  cell,  which  return  both  the  electrodes  and 
the  electrolyte  to  their  original  condition,  Sonie  exhausted 
primary  cells  may  be  partially  restored  by  passing  a  current 
through  them  in  the  revei^e  way,  but  in  moat  cases  the  trouble 
is  not  worth  while.  The  |K>ssibility  of  a  nearly  complete  re- 
generation of  a  storage  cell  is  tlie  chief  dilTerence  between  it  and 
a  primary  celh 

Tljere  are  a  number  of  materials  wluch  can  be  used  as  elec- 
trodes and  electrolytes,  hut  the  usual  ty[)e  of  storage  cell  to-ilay 
is  that  using  some  lead  comix>und  for  the  former  and  sulfuric  acid 
and  water  for  the  latter.  Hence  only  this  lead  storage  cell  will 
be  here  considered. 

In  its  modern  form,  both  the  positive  and  negati\*e  plates  of 
a  cell  consist  of  cast  grids  of  lead*  to  which  antimony  is  sometiniea 
added  to  stiffen  them*  The  j^erfo  rat  ions  in  the  positive  plate  are 
first  filled  with  some  compound  of  lead,  as  FbaO^,  which  is  after- 
ward converted  to  peroxide  of  lead,  PbO^.  Similarly  the  negative 
phite  is  filled  with  PbO  which  is  afterwanis  converted  into  six^ngy 
metallic  lead.  A  number  of  plates  so  prepared  are  then  placed 
side  by  side  in  a  glass  jar,  or  if  the  battery  is  to  l^e  used  for  auto- 
mobile work,  in  a  vessel  of  hard  nd)l)er  or  of  wood  lined  with 
nibber  or  lead.  Positive  and  negative  phites  alternate,  and  all 
the  plates  of  like  kind  are  connected  together  There  should 
always  \>e  one  more  negative  than  positive  plates  so  that  each 
side  of  each  positive  plate  shall  face  a  negative  plate.  The 
arrangement  of  plates  presents  a  large  |}late  surface  in  a  compact 
space.  Suital>le  insulation  separates  the  plates  from  each  other 
and  keejis  them  from  touching  the  bottom,  in  order  to  prevent 
any  short -circuiting  by  contact  or  by  dipping  into  any  setliment 
that  may  form.  In  automobile  batteries,  the  top  is  enclosed  to' 
prevent  the  spilling  of  the  electrolyte,  and  m^thlng  shows  but  the' 
two  terminals  and  an  ojjening  for  hi  ling.  This  is  usually  kept 
closed  by  a  rubber  cork  with  a  small  vent  hole  to  allow  of  the 
escape  of  any  gases  that  may  form. 
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The  chemical  reactions  that  oemr  tluring  charging  and  dis- 
charging are  not  yet  fully  understood,  hut  it  is  agreed  that  the 
main  action  is  the  formation  of  lead  peroxide  on  the  positive  and 
metailic  lead  on  the  negative  plate  during  charging,  and  the  for- 
mation of  lead  sulphate  on  both  phites  thiring  discharge.  The 
action  is  I^est  explained  by  the  following  diagram.* 


Disrhargirjg 

ChnrifKJ  CofulititMi 

+  Piatt'*  Elf^ctrolvtP,  -  Plate, 
PbO,     +  2H^0|  +  Pb    = 


IHschareed  CatiditJoo 

+  Plntp  "  Platt^ 

Pl^O*     +  2H2O  +  PbS04+  electric  energy 

Charging 


Such  a  lead  cell  when  fully  charged  should  show  a  voltage  of 
from  2.2  to  2.25  on  open  circuit,  and  from  2.10  to  2J5  when  the 
engine  is  running.  The  vohiige  soon  drops  to  2.0  and  then  slowly 
to  1,8.  Three-ciuarters  of  tiie  total  discharge  takes  place  fjetween 
the  latter  figures.  It  is  usual  to  discontinue  dischai^ging  a  cell 
when  the  voltage  has  reached  1.7.5.  Ifcyond  this  point  the 
formation  of  the  iiisohdjie  lead  sulfate  Incomes  troublesome  and, 
discharging  much  l>elow  this  figure,  the  cell  may  l^  destroyed  or 
at  least  seriously  impaired. 

Rulimj  of  Storage  Batteries.  —  The  amperage  of  storage 
cells  di*pends  on  the  weight  of  material  in  the  cell  converted  by 
the  chemical  reactions,  while  the  rale  at  which  electrical  energy 
can  he  taken  off  depends  u{>on  the  surface  of  the  active  materials 
exiRJsed  to  chemical  action.  Cells  are  rated  by  theiram|x?re* 
hour  capacity  an<l  nearly  every  maker  states  tfie  normal  rate  of 
discharge  recommended.  For  ordinary  constructions  the  nor- 
mal discharge  rate  is  about  .04  ampere  per  square  inch  of  total 
positive  plate  surface,  and  the  discharge  capacity  about  4  ampere- 
hours  per  pound  of  plate,  including  nega(ive  and  positive.  In 
order  to  be  able  to  compare  different  cells,  the  capacity  ratitig  is 
based  upon  a  current  that  will  muse  the  village  of  the  ceil  to  fall 
to  1.75  voltft  in  eight  hours.  Thus,  if  to  produce  this  rem u It  a 
current  of  gdy  25  amperes  must  \ie  drawn*  the  capacity  of  the 
cell  is  said  to  l>e  8  x  25  =  200  anipere-houm.  If  I  he  rate  of  dis- 
chaiTge  is  faster  than  this,  it  is  obtained  at  t  he  exjjttnse  of  cupmuty. 
Thus  if  a  current  of  40  ampercn  w^re  drawn,  thu  capacity  miglit 

*  latcrtiation&l  Llhmry  of  TcfffhnolQgy. 
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he  only  160  amjjere-hoiim*  Conversely,  if  the  rate  of  discharge 
m  slower  than  the  standardj  the  limiting  voltage  of  1.75  may  not 
be  reached  for  say  tAvelve  hours  instead  of  eight.  These  varia-f 
tioDB  depend  hirgely  upon  the  make  of  cell. 

Charging  a  CeiL  —  In  charging  a  cell  it  is  absolutely  neees-  I 
sary  to  determine  the  jwlarity  of  the  terminals  of  the  source  of 
current .  The  f)ositive  terminal  must  l)e  eomiectcd  to  the  posi- 
tive terminal  of  the  celh  The  charging  rate  of  lead  cells  should 
be  about  the  same  as  the  normal  eight -hour  dlschai^e  rale.  It 
is,  however,  possible  to  u^=i€  smaller  currents  for  a  longer  time. 
The  voltage  of  the  charging  inirrent  must  be  somewhat  greater, 
from  0  to  10  per  cent,  than  the  discharge  volt  age  ♦  on  account  of 
the  internal  resistance  that  must  be  overcome.  In  one  charging 
test  cited,  the  charging  voltage  rose  from  2.05  to  2:15  at  the  end 
of  two  hours,  to  2.20  at  the  end  of  six  hours,  and  to  2.5(1  volts  in 
eight  hours  and  forty-five  mimites.  The  rate  of  charging  was 
thus  about  normal.  If  charging  is  continued  beyond  this  |K)int,j 
the  electrolyte  will  have  the  apj)earance  of  Ixiiling,  owing  to  the 
gas  that  is  being  evolved,  flight  overcharj[ring  will  not  injure  a 
cell,  but  a  large  amount  of  it  leads  to  sulfating  and  permanent] 
injury. 

Testing  of    Storage    BaUerivs.  —  Two    tests  may    l>e    made,  i 
one  for  voltage,  the  other  for  sparking.     For  the  former  a  low^l 
reading  \Tjlt meter*  0  to  3  volts,  is  connected  across  the  termiiiab* 
of  the  batteryj  while  the  engine  is  in  operation.     The  reading  j 
should  be  above  1.75  volts*     Any  cell  may  give  1.9  to  2  volts  nnr{ 
open  circuity  even  if  completely  run  tlown  a  short  time  Ix^fore, 
The  sparking  test  is  made  to  determine  in  a  way  the  state  of  the 
chai^ge  by  noting  the  kinil  of  spark.     This  test  should  he  care- 
fully  done  and  not  repeated  too  often.     It  is  a  dead  short-circuit 
method    and  therefore  not  good  for  the  cell.      The  use  of  an 
ammeter  is  for  that  reason  not  recommended,  as  it  w^ould  take  loo 
long  to  get  a  reading.     The  sparking  test  is  made  by  placing  one 
skinned  end  of  a  piece  of  insulated  copper  wire  in  contact  with^ 
one  end  binding  post  of  the  battery,  and  then  drawing  the  utherl 
end  rapidly  across  the  other  post.    The  spark  should  be  loud 
and  snappy. 

Any  storage  battery  should  last  from  three  to  four  years 
properly  t  reated.     It  is  w^ell  to  adopt  a  regular  charging  period, 
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say  once  in  three  weeks  for  the  ordinary  automobile  battery, 
whether  the  battery  is  run  down  or  not. 

2.  Mechanical  Forms  of  Generators:  Dynamos  and  Magnetos, 
—  Mechanical  forms  of  current  producers  have  the  advantage 
over  primary  and  secondary  batteries  in  that  the  energy  required 
by  them  is  derived  directly  from  the  engine  they  operate.  Hence 
current  will  be  produced  as  long  as  and  only  when  desired.  The 
other  forms  of  generators  depend  upon  sources  of  energy  entirely 
extraneous  to  the  engine  plant,  and  the  supply  of  current  is  there- 
fore not  in  any  sense  automatic,  which  would  be  the  ideal  condi- 
tion. The  terms  dynamo  and  magneto  have  been  variously 
used.  Some  writers  designate  by  "dynamo"  any  generator  hav- 
ing electro-magnets  serving  to  establish  the  magnetic  field,  and 
by  "magneto"  any  machine  employing  permanent  magnets  for 
this  service.  Others  define  the  difference  as  existing  in  the  kind 
of  current  produced,  a  dynamo  furnishing  direct,  i.e.,  continuous 
current,  while  a  magneto  produces  alternating,  i.e.y  pulsating, 
current.  Whatever  definition  is  adhered  to,  it  should  Ije  remem- 
bered that  in  either  machine  the  current  is  produced  by  an 
electrical  conductor  cutting  the  magnetic  field.  The  current  is  pro- 
duced in  exactly  the  same  way,  and  for  exactly  the  same  reason, 
as  that  established  in  the  secondary  winding  of  a  spark  coil,  as 
explained  above.  In  this  ca.se  the  conductor  of  electricity  is 
wound  upon  a  piece  of  metal,  called  an  armature,  which  is  rapidly 
rotated  in  a  magnetic  field.  It  makes  no  difference  whether  this 
field  is  produced  by  permanent  magnets  or  by  electro-magnets. 
If  there  are  a  number  of  such  comhictors  u[x)n  the  armature,  and 
the  current  induced  in  each  is  properly  collected  by  a  so-called 
commutator  upon  the  armature  shaft  so  as  to  l>o  [)ractically  con- 
tinuous in  its  flow  through  the  external  circuit,  we  have  what  is 
generally  called  a  dynamo.  On  the  other  hand,  if  the  currc»nt 
in  the  external  circuit  rises  to  a  maximum  value  and  then  dicjs 
out  to  give  a  maximum  value  next  in  the  opfxwite  direction,  the 
machine  is  generally  known  as  a  magneto.  While  in  all  dynamos 
and  most  magnetos  the  armature  coast  ant  ly  rotatcts  in  one  direc- 
tion, it  should  Ixj  stated  that  in  all  magnet rm  this  is  not  at  all 
necessary.  Thus  in  the  Simms  IVisch  magneto,  tlie  armatun*iH 
stationary,  and  only  a  sli^eve  surrounding  tlie  armatun;  is  rapidly 
oscillated  in  the  magnetic  field.     It  would  Ix;  Ixjyond  tlie  »cof« 
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of  this  book,  however,  to  discuss  all  the  possible  mofllfiratjonsp 
and  the  reader  is  hence  referred  to  the  works  ufx>n  this  subject  * 
In  general,  the  small  dynamo  used  for  ignition  piirfKises  is 
driven  by  means  of  a  frit-tion  wheel  from  tlie  fly-wheel  of  the 
eni^ine.    There  m  then  no  current  available  from  the  ilynamo  when 
the  engine  is  started,  and  it  becomes  necessary  to  yse  a  battery 
of  some  kind  for  the  first  minute  or  two,  switching  in  the  dynmno 
when  it  is  up  to  sfieed.     This  scheme  ha*s  the  disadvantage  that] 
the  battery  is  sometimes  left  in  the  circuit  and  the  dynamns  ha^^e] 
been  known  to  burn  out  under  excessive  engine  speeds.     A  device  * 
eallefi  the  Auto  Sparker,  Fig,  13-2 U  overcomes  these  difficulties. 
This  little  dynamo  is  fitted  with  a  centrifugal  governor  whicbj 

controls   the    position  of 
the  friction  wheel  on  the 
fly-wheel    rim,    so    that] 
even  at  starting  the  ar- 
mature   rotates    rapidly 
enough  to  furnish  start- 
ing  current.    This    doeal 
away  with   an   auxiliaryj 
battery.    M  the  en| 
speeds  up.  the  governor ' 
of  the   dynamo    acts   to 
keep  the  armature  speed 
constant,  independent  of  the  diameter  of  the  fly-wheel  or  the 
engine  speed.     By  adjusting  the  governor  tension  spring,  it  is 
poB?;ihle  to  control  the  speed  of  the  dynamo  to  get  any  eurrefitl 
l>etween  1  and  3  amperes  and  any  voltjige  between  3  and  10  volta 
KegarcMng  magnetos,  tlie  following  description  of  the  action 
of  a  magneto,  together  with  the  explanation  of  the  methud  of 
connecting  it  up,  is  taken  from  a  catalogue  of  the  Halley  Bros, 
Company  of  Detroit.     For  clearness  and  simplicity  tliis  descrip- 
tion can  hardly  be  improved  upon.  I 
*'A  magneto,  so  far  as  its  essential  parts  are  concerned,  is  a 
very  simple  thing.     It  consists  of  a  U-slia|)ed  j>iece  of  sijecial 
steel,  which  is  permanently  magnetized;  in  other  words,  a  com- 
mon horseshoe  magnet  ami  a  rotating  armature.    The  armature 
consists  of  a  soft  iron  core  of  approximate   //  cross-section  as 
♦  W.  Hibbert,  Electric  TgaitiOT  for  Mentor  Vehicles, 
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Fio.  13-21.  —  Auto  Sparker. 
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\dewed  along  the  shaft  upon  which  it  is  supported  and  on  which 
it  is  designed  to  rotate.  The  magnet,  to  the  free  ends  of  which 
are  affixed  soft  iron  arc-shaped  pole  pieces,  and  the  armature  core 
with  the  sides  of  the  H  correspondingly  arc  shaped,  is  shown  in 
vertical  section  in  Fig.  13-22.     In  the  slot  formed  in  the  armature 


^'  jA' 


Fig.  1.V22. 


core  by  the  sides  of  the  //,  wire  Ls  wound  in  turns  lenirthwifle  of 
the  armature  shaft.  So  much  for  the  ctfUHinu'tum  of  the  elir- 
mentary  magneto.  In  order  to  understand  how  it  |:enerat*fH  in 
its  armature,  when  tunied.  an  electric  curnrnt,  it  \h  neci:HHary  to 
remember  one  law  of  physics,  namely:  Whenever  a  wire  m  wouru! 
alx>ut  a  magnetized  poft  iron  corf;  and  the  ma^nciiHrn  of  the  core 
suddenly  dies  out,  therr;  will  U;  a  tend'-ncy  for  a  current  to  \je 
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produced  in  the  wire.  A  familiar  example  of  tlie  working 
this  law  is  fniiiid  in  the  ojjeration  of  the  coDimoii  juiiijj-spark  n>i] 
Here  we  have  a  core  njade  of  soft  iron  %virrs  and  around  it  L^ 
wound  a  great  many  turns  of  fine  wire,  the  ends  of  which  an*  ccic 
nected  to  a  spark  t>hig.  The  core  ia  also  wound  with  a  eoiJ 
wire  which  is  supplied  with  current  from  a  batter}^  anti  when  this 
current  is  flowing  the  core  is  magnet i^sed.  When  the  current 
from  the  battery  is  interrupted,  the  magnetism  in  the  core  sud- 
denly die!5  out,  andj  in  accordance  with  the  law  above  stated,  a 
tendency  is  created  for  a  current  to  flow  in  the  fine  wire  coi]  whic^ 
is  connected  to  the  spark  plug  and  this  'induced*  eiuTent  junif 
at  the  plug. 

**In  order  to  explain  how  the  iron  core  of  the  magneto  armi 
ture  with  its  winding  is  magnet  iised  and  how  the  magnet  is  tn 
the  core  is  caused  suddenly  to  die  out,  it  is  necessary  to  refer  to 
four  diagrams  of  Fig,  13-22^  sihowing  the  armature  in  differer 
positions  of  rotation  with  respect  to  the  pole  pieces.  In  diagrax 
(I)  the  armature  is  represented  with  the  two  heads  of  its  core  in 
close  proximity  to  the  faces  of  the  jxjle  pieces.  The  space  h^ 
tween  the  pole  pieces  is  thus  almost  completely  filled  or  brid 
with  iron,  anil  niiignetlsm  passes  from  one  pole  i>icce  to  the  other 
through  the  armature  core,  thoroughly  magnetizing  it.  Ne> 
consider  diagram  (II),  Here  the  armature  is  shown  mt at ed  ir*t 
such  a  jwsition  that  one  edge  of  each  pole  of  the  ammlure  core  b 
just  leaving  tlie  vlciulty  of  one  of  the  pole  pieces.  As  soon  as  th 
position  is  pa^setl,  tlie  space  from  pole  piece  to  pole  piece  is 
longer  filled  with  iron,  but  with  air  which  is  not  a  con^luctor 
of  magnetism.  Thus  veiy*  little  magnetism  passes  from  or 
pole  piece  to  the  other  and  the  core  is  no  longer  traver 
by  the  magnetic  induenee  and  suddenly  ceases  to  be  mn 
netic.  This  is  exactly  the  condition  prcscrUsed  by  the  ab<i\ 
quoted  law  for  the  production  of  a  cnment,  and,  in  fact,  when  the 
armature  in  its  rotation  leaves  |>nsition  (II1»  there  is  a  sudden 
impulse  nf  current  produced  in  the  wire  of  the  armature  w^hic| 
dies  away  after  the  armature  rotates  a  little  beyond  this  posit lol 
In  position  (III),  the  conditions  of  armature  magnetization  ex 
ing  in  position  (I)  are  reproduced ,  except  that  tlie  armature  hi 
changed  ends  in  respect  to  the  pole  pieces  and  the  magnetic  in- 
fluence  passes  through  it  in  the  opposite  sense,  charging  it  op{ 
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sitely,  BO  that  when  the  magnetism  \s  discharged  in  position  (IV) 
the  current  will  be  in  the  opposite  direction  through  the  wire  of 
the  armature  winding.  As  the  armature  m  turned  upon  its  shaft, 
there  are  thus  produced ^  in  each  compleLe  rotation,  two  rather 
short  impulses  of  current  of  opposite  direction  nearly  correspond- 
ing with  tlie  instants  at  which  the  armature  heads,  so  to  speak, 
'part  company'  with  the  pt>le  pieces  and  are  half  a  revolution 
apart.  During  the  remainder  of  the  rotation  there  is  no  current 
flowing.  It  may  be  readily  seen  that  by  connecting  one  end  of 
the  armature  wire  to  the  armature  core,  and  by  connecting 
the  other  to  an  insulated  metallic  contact  segment,  carried 
by  the  armature  shaft,  upon  which  bears  a  stationary  insu- 
iMed  brush,  the  current  impulses  may  l>e  taken  from  the  magneto 
for  use, 

"Now  as  to  the  practical  use  of  such  a  magneto  for  ignition 
purposes.  Since  it  is  only  during  a  small  part  of  the  armature 
rotation  that  current  is  being  generated,  it  is  necessary  to  rotate 
the  armature  shaft  at  such  a  sj>eed  that  these  electrical  impulses 
shall  be  so  timed  as  to  correspond  with  the  periods  when  ignition 
is  required  by  some  one  cylinder  of  the  engine.  If  this  were  not 
attended  to,  the  ignition  periods  of  the  engine  miglit  occur 
during  the  parts  of  the  armature  revolution,  when  no  current 
was  lieing  produced.  In  order  to  bring  about  this  result,  the 
magneto  and  the  engine  must,  at  all  times,  run  at  a  properly 
proportioned  ratio  of  speeds  anrl  the  jKisitions  of  the  engine,  crank 
shaft,  and  armature  must  be  adjusted  right  in  the  first  place.  If 
the  magneto  shaft  is  geared  to  the  engine  at  the  right  ratio  and 
the  teeth  of  the  two  gears  are  correctly  meshed,  the  desired  re- 
sult will  be  bmught  about.  For  instance,  if  the  engine  be  of  the 
four-cylinrler,  four-cycle  type,  four  sparks  will  \ye  requiretl  for 
each  two  cranknsiiaft  rotations.  Four  sparks  will  be  produced 
for  each  two  revolutions  of  the  magneto,  as  well,  and  thus,  if  the 
magneto  and  the  engine  nm  at  the  same  sfieed,  the  sparks  will  l>e 
numerically  correct.  If  geared  to  the  crank  shaft,  the  crank- 
shaft gear  and  the  magneto  gear  would  have  the  same  number 
of  teeth,  and  if  driven  from  a  two  to  one  shaft,  the  numl>er 
of  teeth  in  the  two  to  one  shaft  gear  would  be  twice  vtE  great 
as  the  teeth  of  the  magneto  gear.  By  changing  the  partieu- 
hir  teeth  of  one  gear  which  are   in   mesh  with   certain  teeth 
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of  the  other,  the  current  impulses  may  be  made  to  occur  at  the 
moments  when  the  pistons  are  exactly  in  the  firing  positions/' 
4.  In  variablenspeed  engines,  as  automobile  ma- 

chines, for  instance,  the  service  required  of  the 
ignition  outfit  becomes  more  exacting  as  the  speed 
increases,  owing  to  greater  compression  and  less 
available  time.  This  in  the  case  of  mechanical 
current  generators  is  met  by  a  natural  increase  in 
voltage  with  increase  in  speed,  which  constitutes 
another  advantage  of  this  type  of  generator  as 
compared  with  primary  and  secondary  cells.  Thus 
less  hand  manipulation  of  the  spark  is  required, 
but  all  magneto  systems  should  be  provided  with 
means  of  altering  the  armature  position  relative 
to  the  cranknshaft  position  in  order  to  alter  the 
time  of  spark. 
<T\       ^3  Methods  of   Connecting   up   Primary  and 

"^  J3  Secondary  Batteries,  and  Systems  of  Wiring 
^  -3  USED.  —  Primary  and  secondary  cells  may  be 
<ly  S  connected  in  series,  in  parallel  (or  multiple)  and 
in  multiple-series.  The  meaning  of  these  terms 
is  explained  in  Fig.  13-23.  For  series  connec- 
tions. Fig.  13-23A,  each  positive  element  of  one 
cell  is  connected  to  the  negative  element  of  the 
next,  leaving  free  the  negative  element  say  of 
the  first  cell  and  the  positive  element  of  the 
last  for  connection  to  the  outside  circuit.  In 
the  second  or  multiple  method  of  connection. 
Fig.  13-236.  all  the  like  elements  of  the  cell  are 
connected  together.  Fig.  13-23c  finally  shows  six 
cells  in  multiple  series,  i.e.,  three  each  are  con- 
neined  in  series,  and  these  two  sets  in  midtiple 
I  or   parallel.     To   compute   the    voltage    and   am- 

[vrage  that  each  one  of  these  combinations  will  furnish  to  the 
outside  cinniit.  let 

.V  =  numlx^r  of  cells  in  the  combination 
V  =  voltage  of  one  c*ell.  and 
.4  =  amperage  oi  one  i.vll. 
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Then  the  following  formulae  will  give  the  desired  information: 


Kind  of  Combination 

Scries 

MulUple 

Multiple-aeries 

Voltasre  of  set 

NV 
A 

V 

NA 

NV 

Amperage  of  set 

2A 

The  ordinary  dry  cell,  as  stated,  furnishes  about  1.5  volts 
and  12  to  15  amperes.  A  make-and-break  circuit  should  operate 
properly  on  about  8  to  10  volts,  hence  from  5  to  7  dry  cells  in 
series  are  required  for  this  service.  As  far  as  jump-spark  systems 
are  concerned  the  following  table  gives  pressures  and  currents 
required  to  operate  some  of  the  well-known  spark  coils,  together 
with  other  interesting  information.*  From  this  table  it  is  clear 
that  from  4  to  6  dry  cells  in  series  are  sufficient  to  operate  most 
jump  spark  coils: 


Sec. 

Res. 

Ohms. 


Kingston 

Apple 

Guenet 

Guenet 

Hardy 

Fisher 

Dow 

Ijacoete 

Lacostc 

Heinze 

Pittefield 

Induction  Coil  Co 
Milwaukee 


Vibration 

Prim. 

Volts 

Amps. 

persec.  of  1 
Trembler 

Res. 

Ohms. 

89 

5.20 

2.2 

94 

.171 

3.7 

1.31 

111 

.300 

5.8 

123 

3.78 

1.05 

122 

.274 

5.8 

.82 

149 

.613 

3.84 

.57 

149 

.210 

3.72 

1.46 

177 

.232 

5.62 

1.94 

197 

.232 

3.66 

1.31 

210 

228 

.320 

3  62 

1.55 

360 

.312 

390 

.312 

3716 
2337 
2337 
2779 
2590 
5394 
2006 
2006 
1302 

6180 
6180 


Turning  next  to  the  systems  of  wiring  used^  all  make-and-break 
systems  are  low-iermon  8>'stems,  i.e.,  the  voltage  does  not  gen- 
erally exceed  8  to  10  volts.  Fig.  13-24  f  shows  such  a  system  in 
diagram  with  a  magneto  as  the  source  of  current.  The  circuit 
is  easy  to  trace.  One  side  of  the  electrical  conductor  on  the 
armature  is  grounded,  that  is,  connected  to  the  engine  frame 

♦  H.  0.  Chatain  in  the  AuUmc^nU,  July  18,  19r;7. 

t  The  following  three  figarttn  arr;  from  an  articU;  \jy  C.  B,  Hayward  in  the 
AuUmMU,  April  4,  1907. 
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through  the  armature  shaft  and  the  frame  of  the  magneto  itself, 
as  shown  at  Gj,     The  other  end  sends  its  current  to  one  electrode 


=E^-^B 


Bimplicity  of  the  Wiring  of  Low-tensioii  Systems. 


of  the  make-and-ljreak  meehaiiism  at  A.  When  the  commutator 
or  timer,  B,  makes  contact,  current  flows,  the  circuit  being  com- 
pletetl  by  grounding  B,  as  shown  at  G^, 

Jump-spark   systems  are  called  high-tension  systems,  but  a 
distinction  should  l>e  made  depending  upon  whether  high  or  low , 


B 


o 


Fig,  13-25.  —  Wiring  Diagrum,  **High-lcnsion  with  Coil  Systeni/* 

temion  magnetos  are  nmd.  With  a  low-tension  magneto  it  be- 
comes necessary  to  use  the  ordinary  spark  coiU  and  hence  thia 
method  is  sometimes  called  the  high-tension  mth  anl  system. 
Fig.  13-25  shows  the  wiring  for  such  a  system,  *4  being  the  con- 
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denser  and  B  the  primary  and  secondary  windings  of  the  spark 
ooil.  It  is  comparatively  easy  to  trace  out  the  complete  primarj" 
and  secondary  circuits^  if  one  takes  into  account  the  proper 
ground  returns. 

The  true  high-tension  jump-spark  system  differs  from  the 
above  in  the  fact  that  the  high-tension  magneto  embodies  the 
secondary  winiUng  and  the  condenser  of  the  spark  coil.  Hence 
the  use  of  a  separate  spark  coil  is  avoided.  In  Fig.  13-26  the  two 
windings  are  indicated  on  the  armature^  but  the  condenser  is 
shown  at  one  side  for  the  sake  of  clearness.  This  di;igram  shows 
the  miring  ft^r  four  plugs. 


r^ 


Fig.  1^26.  —  Wiring  Diagmm  of  True  Ibgh-f^asion  Syiit<*m. 

HiOH-TENsioN  Distributor*  —  With  the  ordinary  system  of 
jympHipark  ignition,  as  many  coils  bb  there  are  c^dinders  are 
required*  It  is  possible,  however,  by  placing  a  distributor  in  the 
high-tension  siile  to  serve  a  number  of  cylinders  from  one  spark 
coil.  The  advantage  of  such  a  system  is  obvious,  although  it  is 
Ijought  at  the  cost  of  placing  a  makc-and-break  mechanism  under 
very  high  voltage*  The  difficulties  inherent  in  this,  however, 
have  been  fairly  successfully  overcome.  The  difference  in  the 
wiring  is  made  clear  by  Fig.  13-27  and  ¥}^.  13--2S,*  Iwith  applying 
to  fonr*cyli[ider  engines.  The  former  shoe's  the  foiir-part  timer 
eotinected  to  the  four  spark  coils  serving  the  plugs  S  P^  to  SP^, 
In  Fig,  13-28,  a  high-tension  distributor  D  connects  the  high- 
tenfiion  aide  of  the  single  coil  first  with  one  plug^  I  hen  with 
another  as  may  be  required.  In  practice  the  high-tension  dlstrib- 
♦  Both  from  Hibbert,  Electric  Ignition  for  Motor  Vehicles. 


424 


INTERNAL  COMBUSTION  ENGINES 


utor  D  and  the  primary  commutator  or  timer,  C  M,  are  com- 
bined in  one  device.  Fig.  13-29  show^  the  Crouse-Hinds  Double 
Bell  Contact  distributor  and  Fig.  13-30  the  Leavitt  distributor. 


Ftom  baUcry  + 


^ 


QOOOO 

pT    Cj    Oj    0,    C, 


00  QQ 


SPi 


BP. 


BP* 


Fia.  ia-27. 


FiOmTi(itt«iT  -t* 


Fig.  1.'^28. 


The  essential  thing  in  high-tension  distributors  is  that  serious 
sparking  in  the  high-tension  side  nuist  l)e  avoided.  For  that 
reason,  in  most  of  tlie  devices  the  primary  commutator  does  not 
establish  tlie  current  until  the  high-tension  distributor  is  in  con- 
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tact  with  its  proj^r  plug  segment  and  the  primary  current  is 
broken  before  the  contact  in  the  high4enmon  side  is  over.  To 
qnote  from  the  description  of  the  Crn use- Hinds  device: 

*'The  principle  is  exactly  the  same  as  that  of  the  commutator 
already  described »  Fig,  13—18.  The  distributor  has  two  cams  and 
two  sets  of  ball  contacts,  one  set  for  the  timer  ami  the  other 
for  the  distribirtor,  the  only  difference  being  that  in  the  latter 
the  balk  in  each  contact  are  about  three-eighths  of  an  inch 
apart  and  the  cam  insulated  from  the  shaft.     The  connection  is 


Fio.  13-29.  —  Cmmx^Hindiri  l)istnl>iitor. 


made  and  the  circuit  is  clo^ied  for  each  cylinder  as  the  cam 
passes  lietween  the  balla/' 

The  following  is  a  description  of  the  Lea\itt  distributor  as 
given  in  a  catalogue  of  the  Uncas  Specialty  Company: 

"This  de\nce,  two  views  rif  which  are  shown  above,  consists 
of  a  cylindrical  casing.  A,  of  ban  I  rubber,  into  which  is  let  a  metal 
plate,  Bf  lit  tme  Qtrd,  ami  which  i^  covered  by  a  hard  mbljercup,  C, 
at  the  other  end,  F|jon  a  ball  l)earing  in  the  end  plate,  B,  is 
mounted  a  dri\4ng  sleeve,  D,  dej^igned  to  be  secured  upon  an 
eicten^sion  of  the  cam  shaft,  and  can^^ing  fast  ufxm  it  contnf^t 
blocks,  E,  E,  E.  E,  which  make  contact,  successively,  with  the 
prittmry  ball  contact  term! nab  E.  Thus  far  the  de\aee  is  identical 
wnth   the  ordinary  timer     The  commutator  portion   is  located 


426 


INTERNAL  COMBUSTION  ENGINES 


"^h 


^ 


at  the  opposite  end  of  the  cylindrical  casing.  The  latter  is  en- 
larged at  that  end,  and  into  the  radial  wall  between  the  two 
cylindrical  portions  are  clam  peel  four  flat -head  stufb»  (?,  G,  which 
serve  as  binding  posts  for  the  spark  plug  connectiom.  Into  the 
end  of  the  metallic  sleeve,  D,  is  fastened  a  hard  rubber  stud,  Ht 
wiiicli  at  Its  outer  end  carries  a  radial  arm*  /,  which  is  of  metal 

with  a  relatively  wide  contat*t 
shoe  at  its  end,  which  when  the 
sleeve,  D,  revolves,  passes  over 
the  four  contact  studs ^  G,  thus 
conchicting  the  current  Biicces- 
si^^cly  to  the  four  plugs.  The 
current  is  conducted  to  the  ro- 
tating arm  by  a  central  ball  con- 
tact, J,  Bccured  into  the  cap,  C 
When  the  hant  rubl>er  ciising  is 
moved  armincl  its  axis  by  meatii 
i)f  the  arm,  K,  to  vary-  the  time 
of  spark,  both  primary  and 
secondary  contacts  are  equally 
displaced/- 

Mufflers,  —  A  mu  filer  m  an 
essential  part  of  a  gas-engine 
installation  if  quiet  oj:eration  is 
desired.  The  sutkieii  release  of 
a  body  of  gas  at  a  pressure  nor- 
mally  of  40  pounds  per  square 
inch  above  the  atmosphere 
causes  a  sharp  noise  very  annoy- 
ing in  the  long  nm.  A  muffler 
is  merely  an  enlargement  in  the 
exhaust  pipe  to  allow  of  gradual  expansion  of  the  escaping 
gases.  Many  different  schemes  are  used*  Thus  in  some  cases 
the  muffler  is  merely  a  cjist-iron  pot  or  vessel  of  suitable  vol* 
ume,  in  other  cases  the  muffler  Is  of  more  elaborate  construe* 
tion  consisting  of  a  vessel  filled  with  baffles  or  partitions  in 
various  ways  and  intended  to  expand  the  gas  gradually  and  to 
break  up  the  sound  waves.  Besides  efficiency  as  a  dampener  of 
noise  there  are  two  other  points  that  should  be  kept   in   mind 


y. 
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•V 


Fia-  13-30.  —  Leavitt  Distrihutor. 
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with  regard  to  mufflers,  absence  of  any  serious  back  pressure 
and  durability* 

The  increase  in  back  pressure  caused  by  a  muffler  dei>end^ 
upon  the  volume  of  the  muffler  and  up<)n  the  amount  of  choking 
caused  by  the  baffles.  The  minimum  volume  of  the  muffler 
should  be  at  lea^st  five  times  the  cylinder  volume,  but  for  com- 
plete sileucini;  twice  this  volume  Is  none  too  much.  Outside  of 
the  plain  cast -iron  muffler  pot^  it  is  probably  siife  to  say  that 
nearly  all  baffled  mufflers  increase  tiie  back  pressure  somewhat. 
This  fact  is  conceded  by  mi>st  manufacturers  in  that  they  furnish 
a  cut-out  which  is  called  into  service  when  the  engine  is  to  be 
called  upon  for  a  hard  pull.  At  least  one  manufacturerj  however, 
claims  tne  pn:»ductivm  of  a  slight  vacnum  between  muffler  and 
engine  due  to  the  ejector  action  of  the  muffler, 

Tliere  ia  little  doubt  that  cafit  iron  is  the  best  material  to  use 
for  mufflers,  as  it  is  least  attacked  both  by  heat  and  the  action 
of  gases,  This  is  especially  tnie  if  a  spray  is  used  in  the  exhaust 
pipe  for  the  purpose  of  cooling  and  condeasing  the  exhaust  gas. 
Many  mufflers,  however,  for  the  sake  of  lightness  and  ease  of 
manufiu^ture*  are  made  of  galvanized  sheet  steel  and  give  quite 
satis  factory*  service. 

The  noise  of  the  air  rushing  into  the  inlet  pipes  of  an  engine 
is  also  sometimes  very  annoying  and  in  some  cases  may  cause 
undesirable  \n  brat  ions  of  doors  and  window*s,  and  even  walls, 
of  the  builtling.  In  such  a  case  It  m  usual  to  muffle  al.'^o  the  inlet 
pipes,  and  one  of  the  best  ways  to  do  this  in  small  and  medium 
sissed  engina«t  is  to  take  the  air  fr^mi  the  hollow  sub-l^ime. 

In  some  very  large  engines  the  proj)er  silencing  of  the  intake 
and  the  exhaust  becomes  quite  a  serious  problem,  as  the  ordi* 
nary  muffler  woulrl  become  very  large.  The  expedient  sometimes 
used  is  to  draw  the  air  through  un  underground  masonry  duct 
of  ample  size  leading  in  from  the  outside  of  the  building,  and  to 
discharge  through  a  similar  duct  into  a  chamber  from  which  the 
gase»  finally  escaj^.  .\  spray  of  water  into  the  exhaust  pipe  of 
such  engines,  close  to  the  exhaust  valve,  helps  materially. 

Figures  13-31  and  13-32*  show  two  types  of  muffler  some- 
I  imes  used.  In  the  first  the  stream  of  gas  is  merely  di\^ded,  in 
the  second  each  division  is  furnished  with  an  enlargement  de- 
*  Mat  hot  t  Engineering  MagufiDep  July,  1907, 
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Fig,  13-31, 


afgned  to  decrease  the  gas  yelocity  still  further.     Fig.    13-33 

shows  the  Powell  muffler.  The  partial  section  sho^^  how  the 
gas  is  broken  up  into  many  ^ne  streams  by 
passing  it  through  perforated  plates.  In  the 
so-called  ejector  nuiffler,  Figs.  13-34  and 
13-:io,  made  by  the  Motor  ^  Mfg.  Worka-j 
of  Geneva,  N.  Y.,  a  part  of  the  gas  pa 
straight  out  t hroiigh  a  central  pipe.  The  : 
is  niaile  to  pass  a  series  of  perforated  cones' 
m  shown,  it  Is  claimed  that  the  central 
pipe  acts  as  an  ejector  serving  to  draw  the 
gas  tlirough  the  cone^,  thus  eliminating  backj 
pressure  and  even  creating  a  vacuum  ahea 
of  the  niiiffler. 

Starting  Apparatus.  ^—  The  l>est  way  o| 
starting  sujall  engines,  up  to  say  10  to  Ij 
horse-pfjwcr,   is   to   turn  the   fly-wheel  ovei 

by  hand  either  in  the   direction  of  normal   rotation  until   ihe^ 

engine  picks  up,  or,  after  a  charge  hm  b^u  drawu  in,  by  turn- 
ing it  in  the  opix»site  direction 

against  the  compression  and  then 

snapping  the  spark  by  hand.    In 

starting  an  engine  iu  this  way; 

it  is  essential  to  make  sore  first 

that    the   time    of    sparking    is 

rather  late,  otherwise  the  engine 

may  **buck/*   which   may  p(*s- 

sibly  lea<.l  to  an  accident  to  the 

person  starting  it. 

As   the   size    of  the  engine 

increases,  however,  the  manual 

labor    invoh^ed    in    the    above 

scheme  soon  becomes  too  great 

and  other  means  had  to  be  devel- 
oped.    These   may   tie  gnuiped 

imder  several  heads.     It  should 

be  noted  that  none  of  these  are  quite  able  to  start  an  engine 

under  load. 

(a)  Starting  crank. 


rrr^ 
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(b)  Starting  by  smaller  engine  or  other  source  of  power. 

(c)  Starting  by  mixture. 

(d)  Starting  by  compressed  air* 

(e)  Electrical  .starters. 

Of  the  methods  above  mentioned,  (a)  is  nearly  universally 
used  for  engines  up  to  15  to  20  horse-power;  l>eyond  this,  starting 
by  oom pressed  air,  method  (d),  is  generally  employed. 


Fia,  i:i-33.  —  PowMl  Muffler. 


^ ':««/ 


Fig.  13-34,  —  Ej*^etor  Muttlt- r. 


Fi«.  j:i~35.  —  Ejeetor  Uuilkv. 


(a)  Most  starting  cranks  arc  so  arranged  that,  when  turned 
in  the  direction  of  rotation  of  the  engine,  they  griptheshaft.     As 

^>a0  the  fin^t  ex  pins  ions  accelenite  the  shaft  so  that  it  turns 
'than  the  crank  is  lx*iug  tuniech  the  latter  is  released.  This 
scheme  does  not  prevent  the  crank  from  *' kicking'*  back  into  the 
start er*H  hand  if  the  spark  should  hapjien  to  tje  enrly,  and  many 
accidents  have  resulted  therefrom,  A  crank  which  avoids  this 
drawback  is  shown  in  Fig.  13--36.  The  (ollouHng  description  of 
this  device  is  from  the  Horsiless  Age^  March  7,  10{>6: 
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*' A  bushing  A,  having  a  thread  of  exceedingly  high  pitch  cut 
on  its  interior  surface,  contains  a  tlireaded  sleeve  B  which  serves 
as  bearing  for  the  shaft  of  the  starting  crank  C.  Rigidly  secured 
to  tlie  shaft  of  the  crank  C  are  a  ratchet  wheel  D  and  a  ratchet 
cam  E,  the  latter  adapted  to  engage  with  the  ratchet  E'  on  the 
motor  shaft.     In  an  extension  of  the  sleeve  B  are  a  set  of  stpring 

press  pawls  F  which  are 
adapted  to  engage  with 
the  ratchet  wheel  D, 

'*  The  device  is  mounted 
at  8uc;h  a  distance  ffom 
the  end  of  the  crank  shaft 
that  the  ratciiet  cams  £, 
and  £'  cannot  engage  uji^ 
\em  the  sleeve  B  is  screw* 
to  the  limit  of  its  motic 
Into  the  bushing  A 
means  of  the  hant!  wheel" 
G.  In  starting  the  motor,, 
the  device  being  in  tl 
IXKsition  shown  in  the 
sembly  view,  the  action 
the  same  as  that  of  an 
o  rd  i  n  a  ry  st  a  rt  i  ng  era  nil 
When  the  motor  runs  tij 
to  speed,  owing  to  the 
pressure  iietween  the  cat 
surfaces  of  ratchet  ear 
E  and  E\  the  start  in 
Rf)indle  is  fitrced  back  into" 
the  sleeve  B,  and  the  ratchet  cams  E  and  E^  are  thereby  dia^^ 
engaged.  However,  if  the  motor  should  kick  back»  the  pawl|^| 
F  would  engage  into  the  notches  in  the  ratchet  wheel  D,  and  the 
sleeve  B  would  Ix*  rotated  and  draw  the  ratchet  cams  E  and  E' 
out  of  meslh  The  pitch  of  the  thread  on  the  sleeve  B  is  so 
steep  that  a  very  slight  rotation  of  the  sleeve  in  the  bushing 
will  carry  it  back  far  enough  to  pull  the  starting  spindle  out 
of  engagement  with  the  crank  shaft*  The  pawl  and  ratchet 
mechanism  is  completely   enclosetl    by   a    lateral  extension 
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FiQ,  13-36.  —  Starting  Crank. 
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the  bushing  A  and  an  end  plate  bolted  to  the  extension  of  the 
sl^ve  B." 

(6)  If  the  plant  has  other  engines  in  operation  or  if  there  is  a 
shaft  in  operation  it  is  quite  easy  to  transmit  the  motion  to  the 
engine  to  be  started.  Some  hirge  engine  installations  wene 
equipped  with  smaller  engines  the  shaft  of  whieh  carried  a  pinion 
which  meshed  with  a  ring  of  teeth  on  the  fly-wheei  of  the  large 
machine.  When  the  large  engine  picked  up  its  cy(;\e,  the  small 
engine  was  aiUnmatically  put  out  of  meah  with  the  wheel.  The 
cost  of  fitting  a  lai^e  engine  for  starting  in  this  matter,  however, 
m  considerable.  Hence  this  method  has  been  largely  replaced 
by  the  use  of  compressed  air. 

(c)  Starting  by  means  of  the  fuel  mixture  Ls  done  in  various 
ways.  The  scheme  appears  to  be  reliable  in  the  case  of  engines 
using  illuminating  gixs;  for  other  gases  it  never  was  in  any  ex- 
tended  use  and  in  fact  is  to-day  nearly  obsolete.  Besides  the  fact 
that  if  the  firsst  chaiige  shoukl  fail  t  here  was  generally  not  enough 
left  fc»r  a  second  trial »  the  storing  of  an  e;cplosive  mixture  is 
obviously  attended  with  some  r laager. 

In  nearly  all  cases  of  starting  by  the  fuel  mixture,  the  engine 
erank  b  put  a  few  degrees  above  center,  i.e.,  well  in  the  beginning 
of  the  expansion  stroke.  One  method  ig  to  charge  the  com- 
pression space  with  air  at  atmosphere  pressure,  and  then  to  open 
the  gas  cock.  The  mixture  formed  is  allowed  to  escape  through 
a  special  check  valve  and  is  ignited  by  a  Bunsen  burner  just  at 
the  orifice.  When  the  issuing  flame  burns  reddish^  showing  that 
the  mixture  is  rich,  the  gas  valve  leading  into  the  cylinder  is 
suddenly  clased  off.  The  Hame  at  the  orifice  of  the  check  valve 
striken  back  into  the  combustion  chamber  and  explodes  the 
mixture  remaining.  The  pressure  generated  closes  the  check 
valve  and  drives  the  piston  forward.  This  is  the  original  method 
of  Clerk  and  of  Green. 

The  presaun*  generated  behind  the  piston  in  the  al>ove  manner 
is  not  ver>'  high,  and  the  velocity  attained  therefore  correspond* 
ingly  low.  The  next  step  in  the  development  was  then  to  com- 
press the  charge  Ix^fore  ignttion.  The  Clerk  pressure  starter  and 
the  CI erk-Lan Chester  high- pressure  starter  are  of  this  type.  Fig, 
13-3 7*  sho\^'s  the  latter  gear.  The  method  of  operation  is  as 
*  Clerk,  The  Gm  &nd  Oil  Ea^tie, 
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follows:  As  the  engine  m  sluwing  down  for  a  stop  vnth  the  maia ' 
gas  waive,  closed  off^  valve  W  is  ofjencd.     This  draws  fresh  air 
into  the  chanTlx?r  D  and  the  plyte  !)'  thnnigh  the  valve  Y.     When 
next  the  engine  is  tt>  be  started,  the  gas  cock  F  is  opened.     Gas, 
flows  into  D  and  />'  and  forms  a  combust  ibie  mixture.     Through^ 
a  cock  on  the  cylimler,  or  a  ghghtly  open  exhaust  valvT,  a  part 
of  the  mixture  is  allowed  to  fill  the  combustion  chaml)er  through . 
the  valve  IF,  while  another  part  escapes  through  a  check  valve  Yu 
and  is  ignited  by  the  Buiisen  iHirner  X.     As  soon  as  the  mixture 
is  right,  F  is  closed  off,  the  flow  stops,  and  the  flame  strikes  in, 
t hrough  Y  into  D,    The  pressure  generated  closes  Y.    The  flanieJ 


w 


ijj 
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Fio.  13-37.  —  Clerk-Laachester  StartcF. 


and  pressure  wave  travels  around  into  D\  eompnessing  the  eti 
unburned  charge  alicfid  of  it  and  finally  ignites  the  charge 
compressed  in  the  eotnljust  ion  chamber  A,     The  starting  pressu 
so  obtained  is  about  twice  that  obtained  by  the  method  fir 
described. 

Besides  these  flame  starters,  of  which  there  are  a  number  of 
modifications,  other  methods  are  in  use.  Thus  in  some  engines 
a  mixture  is  piimjjeil  under  more  or  les^n  pressure  by  hand  into  the 
combiistion  cfjaml^er,  ami  iguitefl  either  by  snapping  the  sparki, 
or^  as  it  is  done  by  one  manufacturer,  by  euddenJy  lighting  afl 
ordinary  parlor  mutch,  the  head  of  which  i^  allowed  to  slightly* 
project  into  the  mixture*  The  device  for  tloing  this  ts  quite 
simple  but  the  method  Is  not  much  used. 

Another  scheme  is  to  charge  a  pressure  tank  with  the  combt 
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tible  mixture*  This  is  generally  done  by  means  of  a  special  valve 
which,  when  the  engine  is  in  operation^  opens  someivhere  along 
the  compression  stroke  of  the  engine,  and  allows  it  to  compress 
some  of  its  charge  into  tlie  tank.  The  starting  is  then  done  either 
by  merely  tilling  the  combustion  chamber  under  low  pressure 
from  the  tank  and  igniting  the  mixture  by  suitable  means,  or  by 
opening  the  tank  valve  wide,  utilizing  the  pressure  of  the  com- 
pressed niixtun*  to  start  the  engine,  igniting  the  charge  on  the 
next  compression  stroke  in  the  regular  way.  This  scheme  has 
the  atl vantage  that  if  the  first  trial  fails  tliere  is  generally  enough 
in  the  tank  for  several  more  attempts,  but  tlie  storing  of  any  con- 
siderable quantity  erf  mixture  under  pressure  is  not  to  he  recom- 
meaderl  on  account  of  lianger  of  explosions  in  the  tank. 

Finally,  at  least  one  large  German  engine  has  Ijeen  started  by 
means  of  the  mixture  by  first  placing  the  crank  in  the  proper 
position,  and  then  blocking  the  fly-wheel  by  a  plug  of  suitable 
material.  A  small  gas  engine  is  then  started  by  hand  and  allowed 
to  fill  the  combustion  chainlx^r  of  the  larger  engine  under  pressure 
in  the  same  way  as  the  tank  was  charged  in  the  previous  method. 
When  the  desired  pressure  is  reached^  tl^e  mixture  is  fired  by  hand 
manipulation  of  the  spark,  the  impulse  of  the  explosion  breaks 
the  plug  holding  the  wheel  and  the  engine  picks  up  the  cycle  in 
the  regular  way. 

(d)  To-day  the  starting  of  internal  combustion  engines  of  any 
size  is  generally  done  l>y  compressed  air.  Tlie  latter  may  he 
obtained  in  various  ways.  In  some  of  the  snudler  engines,  when 
the  engine  m  to  tw?  shut  down,  the  fuel  valve  is  clcksed  and  the 
engine  us  it  slows  down  is  allowed  to  compresfi  the  air  drawn  in 
into  the  tank,  Sc»me  other  installations  have  a  hand-operated 
air  compressor  for  ehaziging  the  tank,  or  the  compressor  may  be 
belt-<lriven  from  the  engine  for  a  few  minutes.  It  is  liardly  neces- 
eaiy  to  say  that  all  tank  and  pipe  connections  must  Ije  al^sjilutely 
air  tight,  because  the  failure  of  the  air  pressune  in  a  plant  of  some 
sisse  would  cause  serious  delay.  For  engines  of  the  largest  ca- 
parity,  it  is  usual  to  employ  air  compressors  completely  imleijen- 
dent  of  the  engine,  thtis  obviating  any  failure  due  to  tank  leakage. 

The  method  of  starting  by  compressed  air  Ls  to  set  the  engine 
beyond  the  center  and  then  to  give  an  impulse  through  the  start- 
ing  valve.     In  some  etigines  tbia  valve  is  hand  operated^  in 
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others  it  is  operated  by  the  valve  gear.  Again  in  some,  especially 
eingle-cyHnder,  engint«  the  valve-actuating  gear  is  not  chanfed ' 
at  aJl,  except  perhaps  to  relieve  the  i^om  press  ion  somewhat,  while 
in  some  miilti-c3'linder  engines  the  gear  on  one  cylinder  is  changed 
to  mako  this  eylinder  act  on  the  two-eyele  prin<!iple,  Le.j  so  that 
it  can  take  an  air  imptdse  every  tiirn,  untii  the  other  cylinder 
have  started  regidar  operation.  In  any  case  it  is  best  to  retard  h 
the  spark  somewhat  for  starting.  ^ 

The  starting  pressures  employed  vary  from  100  to  150  pounds, 


Fig*  1S-3S. — Aiivst3rttQg  Apparatus, 

depending  upon  how  the  air  is  compressed.     In  general  one 
at  the  mast,  two  impulses  are  sufficient  to  start  a  machine. 

The  following  description  of  Fig,  13-38.  given  by  F.  E,  Junge 
in  Power.  April.  1906,  shows  the  method  of  starting  a  laiige  engine^ 
by  compressed  air:  ^ 

"In  this  diagram  A  is  the  valve  controlhng  the  flow  of  air 
from  a  separately  dri\^en  air  compressor  to  the  tank  and  B  a 
similar  valve  in  the  pipe  connecting  the  tank  to  the  engine.  Both 
valves  are  mountecl  on  one  pillar,  which  also  has  screwed  on  top;^ 
of  it  a  gage  indicating  continuously  the  pressure  in  the  tank." 
Regulation  of  the  supply  of  compressed  air  to  the  engine  cylindtT 
ia  effected  by  means  of  an  automatic  spring-loaded  inlet  poppet 
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valval  the  stem  and  disc  of  which  may  be  mieased  or  held  fast 
by  screwing  down  or  unscrewing  the  hand  wheel  C  at  the  engine 

end  of  the  air  pipe.  A  phig  valve  D  is  inserted  in  the  air  pii)e 
immediately  ahead  of  the  inJet  valve-  Before  starting  the  engine, 
the  fly-wheeJ  is  turned  into  such  a  position  that  the  crank  is  about 
30  degrees  above  the  inner  dead  center  The  starting  gear  is 
adjusted  so  as  to  open  both  the  inlet  and  the  exhaust  valves  at 
the  proper  moments^  the  action  being  such  as  to  allow  part  of  the 
compressed  air  to  escape  during  a  fraction  of  the  return  travel  of 
the  piston  and  thereby  reduce  the  conxpression  to  about  28  pounds 
per  square  inch  for  rich  gases,  and  about  50  pounds  per  square 
inch  for  poor  gases.  In  the  meantime,  the  electric  ignition  tie  vice 
has  been  automatically  adjusted  so  as  to  retaril  ignition  for  the 
first  few  strokes.  The  main  fuel  or  gas  valves  must,  of  course, 
also  be  set  so  as  to  produce  the  most  favorable  mixture  for  starting 
conditions. 

*'  To  start  the  engine » the  air  stop  valve  B  m  opened,  the  auto- 
matic inlet  valve  released  by  screwing  do^\Ti  the  hand  wheel  C 
to  the  full  extent,  and  compresseil  air  is  then  admitted  by  turning 
the  handle  D  90  degrees.  The  piston  will  then  begin  to  travel 
slowly  on  its  outward  stroke,  and  just  t?efore  it  reacltes  the  outer 
dead  center  the  handle  I)  must  be  returned  to  its  original  position, 
shutting  off  the  air  supply.  The  first  impulse  given  to  the  fly- 
wheel by  compressed  air  will  usually  be  sufficient  to  proituce 
several  revolutions  at  a  si:)eed  of  about  one-fifth  of  the  normal, 
when  no  load  is  on.  During  the  following  (suction)  stroke  a 
mixture  of  gas  antl  air  in  the  correct  proportions  is  taken  in,  and 
on  the  next  stroke  compressed  and  ignited.  If  the  right  mixture 
does  not  happen  to  be  obtained  and  ignition  fails  to  occur,  another 
compressed  air  impulse  is  given,  whir h  will  always  produce*  the 
desired  result.  After  (he  first  jx)wer  stroke  han  been  obtained 
the  air  supply  valve  B  is  close^l  and  the  automatic  inlet  valve  held 
fast  by  unscrewing  the  hand  wheel  C  until  it**  hub  beam  agatnut  a 
cnllar  on  tlie  valve  stem,  whereby  the  valve  disc  is  firmly  preeiied 
on  its  seat.  Then  the  starting  gear  is  pushed  bat^k  into  the  run* 
ning  position,  so  as  to  allow  the  mechanism  to  oppn  tlie  valves 
at  the  regular  intervAli  only,  Ttie  pdml  of  ignition  is  thereby 
nutomatically  advanced  and  may  now  he  adjusted  by  hand  or 
by  the  governor  of  the  engine  to  as  to  suit  the  ehanged  comlitiiinit 
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When  the  main  gas  admission  valve  is  set  in  the  correct  running ' 
position,  all  operations  for  starting  have  been  duly  exeruted* 
It  may  he  added  that  it  takes  less  time  tu  perform  the  completa, 
cyt^le  of  operations  than  it  takes  to  desenl)e  it/* 

(e)  In  centraJ  stations,  or  in  other  locations  where  elect ricj 
current  is  available,  starting  by  elect rieity  is  the  simplest  and  most  \ 

satisfactiHy  met  hod-   There 
are  again  several  ways  in] 
\\ideh  this  may  be  done. 

If  the  engine  drives  a  I 
dynanno,  it   b   possible  to 
drive    this    tlynanio    as   a 
motor  frtJU)  another  source 
of  current,  until  the   fly- 
wheel has    attained    suffi- . 
cient  velocity,    Tlie  layout 
for  doinf^  this  is  not  at  all  ] 
simple,  however,  and  must 
be    cart? fully    handled.     A  , 
8 1  or a^e     b  at  t  e  ry     e  haige tl  | 
during  the  pnnious  oper- 
ation   may  be    imed   as  a  I 
source  of  current  if  no  in- 1 
dependent  source   of  cur* 
rent  is  available* 

A  simpler  way  is  to  gear 
an  electric  motor  to  a  raek 
on  the  fly-whe^I  as  shown  in  Fig*  13-39,*  When  the  engine  picks  ^ 
up  the  motor  is  automatically  thrown  out  of  gear.  This  scheme 
has  the  merit  of  great  simplicity,  absoluted}^  no  change  in  the 
valve  operation  of  the  engine  Ix^ing  rer|uired  for  Ktarting. 

Oiie  method  of  automatically  disengaging  the  motor  is  de- 
Bctibed  in  the  Zeilficknft  (L  V,  d.  L,  January  5,  191JB^    A  general  j 
view  of  the  Felten  anti  Guilkuuvie  electric  starter  for  laiige  en-* 
gines  is  shown  in  Fig,  13-40,  while  Fig,  13-41  shows  the  diagram 
of  connections  and  the  method  of  operation  for  smaller  sisses. ^ 
The  motor  e  by  means  of  a  chain  cirive  operates  the  pulley  Hj, 
Rigidly  fastened  to  this  pulley  is  the  gear  s,*    This  gear  in  turn 

*  F,  E,  Junge,  Power,  April,  1906. 


Fia,  13-39,  —  Motor  Startt-r. 


Fiu.    13^0.  —  Fi  llcii   4'  nuilJeaunje  Electric  Starter 

drives  a  gear  z^  which  is  pivoted  on  a  swinging  lever  Aj  as  shown. 

The  arc  z  represent?  the  pitch  circle  of  the  annular  gear  inside  of 

the  fly-wlieeh  Arrows  indicate  the 
dii-eclion  of  ot:>enition  for  each  gear. 
One  end  of  the  lever  A,  is  connected 
by  meaoB  of  a  strong  hchcai  spring  / 
to  the  toot  lied  segment  m,  Meshed 
with  this  segment  is  the  gear  z^ 
which  is  turtle*!  in  one  direction  or 
the  other  by  the  lever  h^,  which  is 
the  operating  handle  of  the  motor 
starting  box  a.  In  the  diagram , 
lever  h^  has  been  piillerl  to  the  right 
as  far  as  it  will  go*  ThiP  action  has 
stnrted  the  motor  e,  and,  by  shoving 
the  segment  m  to  the  left,  hiis  put 
ihe  spring  under  congirlerable  tension. 
Tills  pulls  the  lower  end  of  Aj  to  the 
right  aufl  causes  z,  to  mesh  with 
the  fly-wheel  z.    The  gear  z^,  being 
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shown  by  a  latch  k  at  the  end  of  the  segment  m.  If  now  the 
engine  picks  up  its  cycle,  and  the  wheel  z  attains  a  greater 
velocity  than  it  can  receive  from  23,  the  lever  h^  by  the  action 
of  the  fly-wheel  will  be  pushed  toward  the  left,  putting  the 
spring  /  under  higher  tension.  This  motion  proceeds  until  the 
upper  end  of  ^1  comes  in  contact  with  and  unlatches  *,  when, 
under  the  influence  of  the  spring,  the  segment  m  is  pulled  to 
the  right  very  suddenly  and  the  motor  is  shut  off.  At  the  same 
time  the  action  of  the  fly-wheel  upon  z,  throws  this  out  of  mesh 
with  z.  The  entire  labor  connected  with  this  starter  therefore 
consists  of  the  attendants  turning  the  handle  A,  of  the  starting 
box  to  the  right  to  start  the  motor.  Beyond  this  no  further 
attention  is  required,  the  action  being  entirely  automatic. 
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In  gas  as  in  steam  engines  there  are  two  kinds  of  speed  vari- 
ation. The  first  of  these  is  directly  due  to  the  impulse  of  the 
explosion,  and  it  manifests  itself  in  a  variation  of  the  velocity  of 
the  crank  pin  during  one  engine  cycle.  To  confine  this  speed 
variation  to  within  the  allowable  limits  set  by  the  particular 
service  to  which  the  engine  is  to  be  put  is  the  function  of  the 
fly-wheel.  Fly-wheel  computations  are  beyond  the  scope  of  this 
work,  but  it  will  be  of  interest  to  point  out  briefly  the  relation 
between  the  various  types  and  combinations  of  engines  as  regards 
the  fly-wheel  weight  required  for  any  given  service.  This  weight 
depends  not  only  upon  the  closeness  of  regulation  desired,  but 
largely  also  upon  the  variation  of  the  crank  effort  during  one  cycle 
or  revolution,  and  this  in  turn  depends  upon  the  cycle  employed 
and  the  cylinder  combination. 

The  most  complete  exposition  of  this  subject  relating  to  gas 
engines  is  given  by  Giildner,*  and  from  the  data  given  by  him  the 
following  table  (see  page  440)  is  adapted. 

In  deriving  these  figures  it  is  assumed  that  the  same  coefli- 
cient  of  fly-wheel  regulation,  designated  by  8^,  is  maintained  in 
all  cases.     This  coefficient 


8„= 


where  V  is  the  mean  velocity  of  the  crank  pin. 

The  second  kind  of  speed  variation  al)ove  mentioned  is  the 
change  in  the  numlxjr  of  revolutions  of  an  engine  in  any  given 
time  due  to  a  change  of  lojul.  This  variation  is  taken  care 
of  by  the  governor.  Just  as  a  limit  is  set  to  the  speed 
variation  during  one  cycle,  so  an  allowable  limit  is  set  to  the  vari- 

*  Entwerfen  und  lierechru'n  der  VerbrennungH-mrHoren,  2d  ed. 
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Table  or  Rix.\tive  Flt-Wheel  Weights  for  the  Same  Coepficient  of 
Regulation;  for  Various  Types  of  Engines  and  Cylinder  Combi- 
nations.   Weight  of  the  Fly-Wheel  of  a  Single- Acting, 
Single-Cyunder,  4-Cycle  Engine  is  Taken  =  1.00. 


Relative  Fly-Wheel  Weight  for 
Crank  Travel  ' 

Type  of  Engine  and  Cyl-        plosions.        |  Equal  Cyl.  Di- 


mder  Combination 


ameter.  Stroke 
I  and  Revolution 


1. 


Exiual  Maximum 
Horee-power 


1.000 
1.230 


.706 


1.290 


.792 


1.290 


AuS 


I.Single-.Acting.  Sin-  j 

gle  Cylinder 720     i     360 

II .  Doubie-Act  ing.  Sin-     540  A ! 

gle  Cylinder ,     180  180 

III.  2-tVlinder  Tandem. 

Single -Acting,     l! 

Crank !     360         360 

IV .  2-Cy  Under  oppoeed  .j 

Single-Act  ing.       1!     540  A- 

Crank :     180  180 

V.2  Cylinders  in  Par- 
allel. Single- Act  ing 
2  Cranks  together     360  360 

VI. 2  Cylinders  in  Par-I 
allel.     Single-Act-I 
ing.  2  Cranks.  ISifl     540  A- 
amrt '     180  ISO 

VII.3  Cylinders  in  Par- 
allel. Single--Act-| 
ing.  3  Cranks.  120°, 
aixirt !     240  120 

VIII.  4  Cylinders  in  Par-; 
allel.  Single-Act- 
ing. 4  Cranks.  Nos. 
1  ik  3  together. 
Ni>s.  2 1^-4  togeth- 
er, and  18(P  from, 
Niks.  1  iV:  3 ISO  —     I       .3.^')        — 


2-Cycle 

4-Cycle 

.802 

1.000 

.424 

.615 

1.595 

.398 

.335 

.645 

1.602 

.396 

.335 

.645 

.237 

.226 

.084 

.401 
.106 

.399 

.084 

.401 

.0.84 

.0395 


at  ion  that  may  occur  in  the  number  of  revolutions  from  full  load 
to  no  load,  and  the  governor  nuist  be  designed  and  set  accord- 
ingly     The  allowable  variation,  the  so-called  coefficient  of  gov- 

where  n 


.-"r 


ernor  regulation,  may  l)e  expres.^ed  by  8,,= 

is    the    mean    numl)er    of    revolutions   /'_^^'^«^  +  ^^'mpy      What 
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the  values  of  B^or  S^may  he  depends  altogether  upon  the  kind 
of  service,  and  the  value  of  8,  at  least  is,  or  should  be,  clearly 
stated  in  all  engine  spet*ifications.  The  vahie  of  8^,  that  is,  the 
variation  in  the  angular  velocity  of  the  engine,  can  be  niade  any* 
thing,  depending  upon  the  weight  of  the  wheel  put  in.  It  usu- 
ally varies  from  8^,  =  A"  f*^^  ortlinary  coinnierinal  service,  to  8|j,=  gi^ 
say*  for  the  mast  exaeting  service  required  for  the  operation  of 
alternating-current  generators  in  parallel.  The  value  of  the  co- 
effic*ient  of  governor  regulation  8,  usually  varies  between  ^^  and 
5\^t  <.^..  the  sj^eeil  variation  is  from  2  to  4  per  cent. 

The  theorj^  of  pentrifugal  governor  design  as  applied  to  gaa 
engines  governing  by  throttling  or  cut-off  cannot  Im?  taken  up 
here,  except  merely  to  state  that  it  \b  be^t^  especially  in  the  case 
of  the  power  gases,  to  have  the  governor  act  upon  the  mechanism 
that  positively  o|Terates  the  admif?sion  gear  rather  than  upon  the 
ad  miss io n  ge ar  d  i ref ■  t .  I  n  t  iiis  w  ay  t he  go  vern o r  <  1 1 >es  1 1 < >t  In  ge n - 
eral  have  to  be  so  [Mwerful  and  above  all  it  k  unaffected  by  any 
clogging  of  the  atl mission  gear  of  valves  due  to  tar  and  other  in- 
erustationa.  It  should  further  be  noted  that  any  governor  of 
this  type  that  is  too  sensitive  may  react  with  the  speed  variation 
within  one  revolution  and  will  thus  be  hunting  constantly.  Daah 
|XJts  only  forcibly  overcome  these  conditions,  and  it  is  l>etter  to 
design  these  governors  with  plenty  of  mljustment  regarding  their 
sensitiveness. 

The  design  of  hit-and-mi^s  governoiB  (see  below)  is  in  general 
very  simple.  In  contradistinction  to  the  type  of  governors  above 
mentioned,  they  can  hardly  1m?  made  too  seasitive  or  astatic 
for  the  quicker  they  act,  the  better. 

In  the  following  we  take  up,  first,  Systems  of  Goveniing,  and, 
contL  Mechanical  Details  of  Governors, 

I,  Systems  of  Governing.  —  At  Uie  outset  an  essential 
difference  between  steam  and  gas  engines  in  the  matter  of  gov- 
erning sljould  l>e  nolal.  The  working  fluid  in  the  steam  engine  is 
a  comparatively  stable  n*edinm,  and,  im  long  lus  the  pr^s^sure 
remains  constant,  one  position  of  the  governor  mechanism 
always  corresponds  to  the  Hame  load,  cycle  after  cycle  recurring 
witii  the  same  development  of  p*jwen  This  is  alisol ut el y essen- 
tial for  close  governing,  and  in  this  respect  the  steam  engine 
ha^  some  advantage   over   the  gas  engine.     The  condition,^  in 
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the  latter  ai^  very  different.     The  working  fluid  is   prepared] 

by  the  engine  itself*  air  and  fuel  being  mixed  at  the  engine  t^i! 
produce  the  medium.     Various  expedients  to  this  end,  more  orl 
less  successful ,  are  in  use,  but  outside  of  this,  due  to  accidents  t*f 
design  or  other  reasons,  stratification  of  the  chaise  more  or  less! 
complete,  and  variation  in  ignition,  may  r&^ult  in  unequal  veIrN'- 
ity  of  i)ressure  propagation  through  the  mass  of  the  charge  giving  a  ] 
bundle  of  different  diagrams  for  the  same  heat  value  of  the  chaise. 
Thus  it  may  result  that  the  same  position  of  the  governing  mech- 
anlsm  may   not,  and  often  doess   nut,  indicate  the  same   |j<wer 
developed,  and  speed  fluctuations  are  the  inevitable  result.    For- 
tunately the  mixing  and  ignition  apparatus  of  our  modem  en-' 
gines  can  l>e  made  perfect  entnigh  in  their  action  to  confine  these 
flnctutations  to  within  allowable  limits. 

All  gas  engine  governors  come  under  the  following  si^tcins 
OS  far  as  their  effect  upon  the  diagram  k  con cemetL  Mechan- 
ically they  may  be  of  various  designSj  as  inertia,  fly-ball  *  etc., 
as  shown  later: 

I.   The  Hit-and-Miss  S>^tem, 

IL     Variation  of  the  Ratio  of  Fuel  to  Air  with  Change  m\ 
Load;  Quality  Governing. 

IIL  Variation  of  the  Quantity  of  the  Chaiige  to  suit  the  Li»ad. 
Ratio  Fuel  to  Air  remaining  constant;  Quantity  Governing, 

IV*   Combination  Systems. 

V,    Gov^ermng  by  Varying  Time  of  Ignition, 


L    The  Hii-and-Miss  System 

This  system  effects  speed  regulation  by  cutting  out  explo^iona^ 

altogether,  depending  on  the  load.  Thus,  for  instance,  if  the 
engine  is  running  at  full  loaxi,  the  explosions  or  cycles  will  follow j 
each  other  in  regular  order  until  the  speed  has  increased  enougli 
above  the  mean  to  cause  the  governor  to  act»  preventing  t  he  draw- 
ing in  of  the  next  charge,  thus  causing  a  "miss,"  Thi.^  in  turn 
causes  the  speed  to  fall  sufficiently  below  the  mean  to  make  the 
governor  act  the  opposite  way,  causing  the  explosions  to  recur 
At  any  other  lo^id  \&m  than  the  full  load  the  governor  action 
the  same,  except  that  as  we  go  down  in  (he  scale  the  propttrtior 
of  "misses**  to  "hits"  constantly  increases.  This  system  maj 
be  operated  in  any  of  the  following  ways: 
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(a)  By  keeping  the  fuel  valve  eloeedj  so  that  the  engine  draws 
only  air  for  the  miss  cycle. 

(b)  By  keeping  the  inlet  valve  closed,  thus  preventing  the 
adniisBion  of  both  fuel  and  air. 

(c)  By  keeping  the  exhanst  valve  open.  In  thU  ease  the 
admission  valve  is  usually  automat ie^  and  its  opening  is  praventeii 
by  the  fact  that  on  the  next  stroke  no  vacuum  is  formed,  the 
exhaiLst  gases  being  sucked  back  into  the  cylinder. 

Theoretically  this  system  of  regulation  is  the  simplest^  and, 
from  the  standpoint  of  fuel  consumption,  the  most  econoTuiciJ; 
practically,  however,  it  is  beset  with  certain  dithcidtics>  In 
theory  the  cycl&s  are  all  gone  through  under  exactly  the  same 
conditions,  and  hence  ratio  of  fuel  to  air,  pressure  of  comprefl- 
sion  and  point  of  ignition  can  all  l>e  adjusted  once  for  all  to  suit 
the  requirements  of  best  thermal  efficiency.  The  thcrnuil  cfli- 
cieney  of  the  cylinder  should  therefore  lye  the  same  at  all  kuuls. 

In  practice  there  Ls  some  deviation  frcfm  thLs  ideal  condition, 
even  assuming  perfect  governor  action,  but  the  Viwiation  dej*erjd« 
somewhat  upon  the  manner  of  governing.  Thus  in  enginm  in 
which  only  the  fuel  valve  is  kept  closed  to  produce  the  miss  c^'cjcffp 
it  will  generally  \ye  found  tliut  the  card  directly  follow im^  a  nii^ 
period  is  larger  than  those  following,  at  least  for  IosuIh  nfiproach- 
ing  full  loacL  This  b  due  to  the  fact  thiit  during  the  miss  period 
the  cylinder  has  been  thoroughly  scavengetl  by  air,  oautiing  tlie 
next  charge  to  be  purer  and  somewhat  larger  in  quanlity  than 
the  average.  Under  very  low  lomls  the  effect  is  apt  to  Ik-  the 
opposite,  that  is  J  owing  to  a  prolongal  ptrrioel  of  nnm  «trokeJ4  tim 
eylinder  has  cooled  so  far  as  to  make  the  hn^t  eye  lew  folhiwing 
somewhat  slow  burning  until  the  cylimler  heati^  up  agrun. 

It  is  evident  that  these  variations  mui*t  have  th«*ir  effect  up^m 
cylinder  efficiency,  but  the  effect  ia  perhafu  greater  with  liqdid 
fuel  engines  than  with  gas  engines  proper,  bccaUKe  a  cwil  cylinder  in 
likely  to  condense  some  of  t  he  fuel  vapf;r,  thiw  c»tii«ing  a  ilintcl  Iomm. 

In  engines  that  govern  by  keeping  the  e^Khan^t  valve  open^ 
drawing  the  exhaust  gtmes  baek  into  the  cylituii^r,  tlie  eff(«f^tii  a^KfVo 
outlined  may  be  le^  marked,  but  tlie  meth'xl  cannot  on  (hat 
account  be  rei^ommeiKled  aii  bettcf  th«n  tlie  other,  tiecaUMe  the 
inevntahle  mixing  of  the  exhftiiit  giiiiir  iritb  the  i&eoniitig  ebilgtf 
hm  iU  own  harmful  effects. 
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In  spite  of  these  facts,  however*  the  hit-and-miss  sji^tem  of 

governing,  no  matter  how  carried  out,  UBUally  shows  a  somewhat 
greater  economy  of  fuel  in  practice  than  the  other  .systems. 

We  next  turn  to  the  efficiency  of  this  system  as  a  speed  regn-- 
lator  It  is  evident  that  the  ciosc^ness  of  regulation  in  case  cen 
trifugal  governors  are  employed  depends  altogether  upon  the 
sensitiveness  of  the  governor,  that  b,  u\Hjn  the  facility  with  which 
it  changes  from  one  jxisition  to  the  other;  although  it  m  possible 
here  also  to  have  a  governor  too  sensitive,  resuUing  in  needles 
hunting.  But  whatever  the  type  of  hit -and -miss  go\-ernor,  the 
regulntion  will  W  closest  if  at  the  higher  loads  a  constant  serie 
of  explosions  k  fi)llowed  by  a  single  ml^^s  cycle,  or  if  at  the  Imveii 
loads  a  single  explos^ion  Is  followed  by  a  constant  series  of  misses.] 
Thus  I  load  should  be  represented  by  the  series  1 11-111,  etc.,  and 

I  load  by  1 1 ,  etc.     An}'  disturbance  of  the  go\*er 

nor,  accidental  or  otherwise,  as  through  want  of  care,  increased^ 
friction,  wear,  etc,  will  alter  this  ideal  condition  so  that  a  f  load, 
for  instance,  may  lie  re|)resefited  by  the  perie^?  1 U  -  1 1  -  11 1  -  1 1, 
etc.  But  such  variation  at  once  unfavoralily  affects  the  regula- 
tion.* Tiiesc  accidental  conditioas  arc  not  under  the  control  of 
the  designer,  and  not  always  under  the  control  of  the  n|)erator, 
and  the  net  result  is  that  hit-and-miss  regulation,  though  econom- 
ical, is  somewhat  unreliabfe  and  certainly  not  as  dose  as  I  hat  ob- 
tained by  some  of  the  other  methods,  unless  a  veiy  heavy j 
f!y-wficel  is  employed. 

Hit-and-miss  go%'erning  is  therefore  little  employed  wher 
close  regulation  is  essential,  as  for  elt*ctric  current  generation. 
For  ordinary  commercial  jxnver  n|x^ration,  where  the  regulation 
need  not  be  closer  than  say  3  to  5  per  cent.,  the  system  m  quite 
sat  is  factory  I  although  it  is  being  slowly  replaced  even  in  this  field. 
It  should  be  rememl^enKJ  in  this  connection  that,  if  the  engine 
belt-connected  to  the  jxiwer  consumer,  the  flexible  connection  will 
tend  to  equalize  the  si>eed  variations  to  n  certain  extent. 


II.     Gov(Tninf^  by  Varying  thv  Ratio  of  Fad  to  Air:  QmiUtti 

Governing 

In  this  system  the  governor  is  usually  made  to  act  upon  thi 
fuel  admission  valve,  so  that  as  the  load  on  the  engine  dec  re  a 
*  See  MoUier,  Zeitscbrift  d.  V.  d.  lagenieure,  1903,  p-  1704, 
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the  engine  receives  less  and  less  fuel  in  the  same  total  charge 
volume.  This  of  course  decreases  the  area  of  the  indicator  card 
.  developed  to  suit  the  load.  Instead  of  acting  upon  the  fuel  valve, 
this  method  of  governing  has  also  been  carried  out  by  sucking 
back  a  certain  amount  of  the  exhaust  gases,  thus  also  decreasing 
the  heat  content  of  the  charge.  Another  way  is  to  regulate  the 
air  admission  valve,  making  the  fuel  valve  automatic.  All  things 
considered,  however,  the  first  mentioned  method  is  the  best. 

Considered  from  a  thermal  standpoint  this  system  has  the 
advantage  that,  since  the  total  charge  volume  remains  practically 
the  same  for  all  loads,  the  compression  pressure  remains  coiLstant 
throughout.     The  cards  obtained  will  therefore  be  somewhat  as 


Fig.  14-1. 


shown  in  Fig.  14-1,  in  which  the  full  line  represents  the  full  load 
diagram.  It  therefore  should  follow  on  theoretical  grounds  that 
the  thermal  efficiency  of  the  cylinder  should  Ix;  about  the  same 
for  all  loads.  In  practice,  however,  it  has  lKK»n  clearly  shown 
that  this  system  is  inferior  at  low  loads  to  the  next  one  to  l>e  de- 
scribed. In  fact,  the  fuel  coasumption  jx?r  horse-jxiwer  usually 
increases  ver\'  rapidly  as  the  losul  drofw.  The  rea>*on  is  that,  as 
the  fuel-ratio  Is  decreaserl,  the  mixture  rapidly  l>ecorrir*s  difficult 
to  ignite  and,  above  all,  slow  burning.  This  necrrssanly  increaws 
the  heat  loss  to  the  jackets  and  the  ignition  difficulty  may  iro  hh 
far  as  to  prevent  ignition  altogether,  r-auning  a  direct  h/t^n  of  fuel. 
In  most  cases  after-burning  is  clearly  reco^rnizable  by  the  hlow 
dropping  of  the  expaa«ion  lirn*.     iX-sigrtfjrs  have  trier!  to  over- 
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come  this  difficulty  by  placing  the  time  nf  ignition  also  undfl 
control^  niaking  it  earlier  as  tlie  load  decreases.    The  schec 
however,  does  not  appear  to  have  been  very  suecessfuL 

As  a  method  of  governing,  this  system  is  capable  of  giviu 
close  regulation  with  the  proper  weight  of  fly-wheel.  The  ver 
faet,  however,  that  the  compression  pressure  does  not  drop  In 
proportion  to  the  maximum  pressure  introduces  a  disturbing 
fa<*tor  into  the  crank  effort,  diagram  which  would  tend  to  make 
the  regulation  under  this  system  less  close  at  low  loads  than  under 
System  III 

III,     Governing  by  Varying  the  Quantity  of  Charge  of  Constat 

Composition  to  suit  the  Load:  Quantity  Governing 

Governing  by  changing  the  quantity  of  charge  to  Buit  the  load 
may  l>e  carried  out  in  three  ways: 

(a)  The  engine  draws  a  charge  full  stroke  each  time,  but  a 
part  of  the  charge,  depending  upon  the  load,  Ls  forced  hack  intfl 
the  suction  passages,  the  inlet  valve  being  under  governing  cor 
trol 

{b)  The  incoming  cliarge  m  completely  cut  off  by  the  gover- 
nor at  the  proper  time,  the  charge  expanding  behind  the  piston 
for  the  rest  of  the  stroke*     This  is  kno%vn  as  the  cut-off  meth*xL 

(c)   The  charge  is  throttletl  down  throughout  the  entire  suc- 
tion stroke,  the  governor  determining  the  position  of  the  inlet ■ 
valves.    This  is  called  the  throttling  method- 


Fig.  14-2. 


Figa  14-2  and  14-3  show^  the  differences  in  the  diagrams  ol 
tained  under  conditions  (6)  and  (c)  outlined  above* 


REGULATION   OF   OAS    ENGINES 


447 


5fun 


Quantity  governing  in  general  Is,  on  thermal  grounds,  open  to 
the  objection  that  the  conipre.ssion  pressure  tlenrea^ies  with  the 
Loaii,  and  hence  the  cylinder  efficiency  constantly  decreases.  On 
the  other  hand,  the  mixture  remain  readily  ig  nit  able  down  to  the 
friction  load,  with  the  result  that  quantity  governing  is  on  the 
whole  more  economicaJ  than  quafity  governing.  The  fact^  too, 
that  the  compression  pressure  decreases  with  the  maximum  pres- 
sure has  a  favorable  influence  upon  the  crank-effort  diagram,  ad- 
mitting of  cln.^e  regulation. 

As  between  methods  (b)  and  (c),  the  former  m  slightly  better 
ause  less  work  is  lost  in  the  lower  loop.     Everything  consid- 
ered, where  close  rcgvdation  is  essential,  the  cut-off  method  of 
quantity  governing  is  the  best* 


f  Regan!  ing  the  economy  of  the  cut-off  method  as  compared 
with  the  hit -and -miss  method  of  governing,  E.  Meyer*  finds  that 
down  to  about  i  load  the  two  systems  are  about  on  a  pur*  Below 
this  load  the  efficiency  of  the  cut-off  as  compared  with  the  hit- 
and-miss  method  rapidly  falls  off. 


Fio^  14-3. 


I 


IV*     ComMnatmn  Systems 

It  has  been  attempted  to  perfect  quantity  regulation  by  chang- 
ing the  compression  space  so  as  to  keep  the  compression  pressure 
the  same  at  all  loads.  Thermally  this  is  a  step  in  the  right  direc- 
tion! but  no  successful  machine  operating  upon  this  system  has 
yet  appeared. 

Another  combination  83^tem  m  that  of  Let ombe,  which  is  in 
successful  use,  I^tombe  regulates  by  lengthening  the  time  of 
•  Zeit^cbrift  d-  V.  d.  Iiigienteure,  April  25,  1903. 
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opening  of  the  inlet  valve  but  decreasing  the  lift  of  the  gas  vain 
as  the  load  decreases.     As  far  as  the  fuel  m  concerned,  i\m 
quantity  regulatii>n,  but  the  longer  time  of  of.>ening  of  the  inle 
valve  increases  t!ie  total  charge  vohime,  which  means  that  tl 
leaner  mixtures  will  be  more  highly  compressed  than  those  fcj 
higher  loads.     This  is  thermaTly  correct,     Anofhcr  pM^int  is  thaf 
the  richer  mixtures  at  the  higher  loads,  although  less  highly  com- 
pressed, are  lass  in  total  volume  than  the  heavier  mixtures     Hence 
as  the  load  increases  the  ratio  of  expansion  increa^s  b&  compared 

20  at 


Fm  14-4. 


to  the  r^tio  of  compression,  which  tends  to  draw  down  the  U 
minal  pressure  at  the  end  of  expansion  and  decreaaes  the  exhau 
lose.     The  resulting  diagrams  are  shown  in  Fig.  14-4,  given  h^ 
Giildner,     The  compression  line  a-b  belongs  to  the  ftill  load  card^ 
line  €-4  to  the  minimum  load  card.     The  1  alter  canl  shows  su| 
Hon  fidl  stroke  and  a  compression  pressure  of  about  190  pouncl 
the  former  shows  a  snctioB  volume  equivalent  to  about   55  pef_ 
cent  stroke  and  a  compression  pressure  of  about  115  pontic 
In  spite  of  the  thermally  excellent  features^  which  gives  go 
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regulatinn,  the  eeoiiomy  regardin|r  fuel  m  no  greater  than  that 
obtainetl  by   a  purely   ctut-fjff  syBtom. 

Other  conibiuation  systems  that  have  been  enipIoye<:l  are 
quantity  rcgiihition  at  high  load^  combined  with  quality  regula- 
tion at  low  Joatls  or  vice  versa.  This  is  done  in  soine  (lerman 
engines*  To  comj^nsate  for  the  slow  burning  of  the  leaner  mix- 
tures the  spark  Is  aclvaneetL  Lastly,  engines  that  govern  eitlter 
by  quantity  or  qiiaiity  regulation  at  the  higher  loads  have  Ijeen 
governed  by  the  hit-and-niisg  method  at  very  low  loads.  This  is 
done  in  the  American-Crosfiiley  engines  and  also  by  Letombe  in 
the  system  above  described. 

V.    Governing  by  Vartjing  ike  Time  of  Ignition 

Strictly  speaking,  the  time  of  ignition  should  be  adjusted  to 
lit  the  kind  of  charge.  That  means,  for  instance,  that  in  qual- 
ly  regulation  tlie  spark  should  be  advanced  with  a  decrea.^e  of 
load.  It  has  already  been  mentioned  that  this  has  been  tried 
both  by  governor  control  or  by  hand  regulation.  The  former  is 
rather  difficult  because  pro]>er  ignition  is  subject  to  so  many 
accidental  variations,  but  hand  control  is  quite  practicable  and 
all  stationary  engines  should  therefore  be  furnished  with  adjua^ 
table  spark  gear* 

Automobile  engines  are  generally  governed  by  hand  regula- 
tion of  the  throttle  in  combination  wdth  the  spark. 

Gmeming  of  Tu^o-Cyde  Engines 

Small  two-cycle  engines  are  usually  governwi  by  throttling 
either  the  fuel  or  the  charge.  In  tfie  first  ea.se  this  results  in  what 
is  practicaHy  quality  regulation,  in  the  second  in  quantity  regu- 
lation. Liquid  fuel  engines  of  this  iype  nearly  always  govern 
by  adjusting  the  stroke  of  the  pump  to  suit  tf\e  load,  resulting  in 
quality  regulation.  In  the  larger  maehines,  which  are  nearly  ai- 
w^ays  served  by  separate  pnmjis,  it  Ls  alisolutely  essential  that 
the  cylinder  be  thoroughly  scavenged.  Hence  it  Is  usual  to  tii-st 
admit  air  alone  directly  fnnn  the  pump  or  an  interme<liate 
receiver,  and  a  little  later  the  ftiel  or  the  mixture  as  the  case 
may  be,  the  point  of  adniLssion  of  the  latter  being  under  gov- 
ernor control.  The  governor  may  act  either  on  the  inlet  valve 
or  directly  on  the  pump.     It  should  be  noted  that  if  reservoira 


4S0 


INTERNAL  COMBUSTION  ENGINES 


\ 


\ 


are  used  between  pump  and  engine^  there  is  likely  to  be  a  lag 
several  strokes  between  the  action  of  the  governor  and  its  ef!et*t 
on  the  engine.  For  more  detailed  information  on  the  gf»\'eniiiig 
of  large  two^ycle  engines,  see  the  descriptions  at  the  end  of  this 
chapter. 

2*  Meclmmcal  Details  of  Governors.  —  For  hit-and-miss 
governing,  inertia  governors  of  the  so-failed  pendulum  type  an 
extensively  us«d.  Besides  this,  centrifugal  governors  of  the  flj 
ball  type  also  find  application.  For  the  "precision*'  systems 
of  regulation,  'i\e,,  quantity  and  quality  regulation,  centrifugal 
govemora  of  the  fly-ball  type  are  mostly  used;  shaft  govemois 
either  of  the  centrifugal  or  inertia  type  are,  however^  lately  Hoding 
application. 

^  (a)  Pendulum  or  Inertia  Goyehnobs 

ran  Hit-and-Miss  Regulation,  —  The 
simplest  form  of  this  governor  is  shown  in 
Fig.  14-5.  The  rod  a-b  carries  the  ball  weight 
c,  and  receives  an  up-andnlown  motion 
usually  from  the  lay  shaft  as  shown  bj 
*v  the  arrows.  As  the  rod  moves  down,  tl 
A  ^weight  strikes  the  projection  d,  and  the" 
/  j>enduhim  L^  thrown  to  the  right  as  showi 
by  the  dotted  position.  If  the  speed  is  righii 
the  jiendulum  will  have  gone  back  to  its 
nonnai  position  by  the  time  the  point 
reaches  the  end  of  the  valve  stem  e,  an 
the  gas  or  inlet  vahe  will  be  opened. 
the  speed  is  above  the  normal,  a-h  will  nn 
be  back  in  its  normal  position,  and  h  will 
miss  the  valve  stem  e^  causing  a  miss- 
stroke. 

A  modification  of  thi^,  the  bell-crank  pendidum,  is  shown  in 
Fig.  14-6.  The  action  of  this  governor  is  clear  from  the  previous 
description. 

The  disadvantage  of  these  two  forms  may  be  said  to  be  th$ 
they  are  thrown  a  considerable  distance  out  of  their  normal 
tion.     This  is  overcome   in  what  may  be  called    spring-load  I 
pendulum  governors^  the  fundamental  type  of  which  is  shown  i| 
Fig.  14-7.     As  the  bell  crank  a  b  c  moves  downward,  the  inertfft* 
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of  the  weight,  c,  throws  the  governor  into  the  dotted  position. 
If  by  the  time  the  stem  of  the  valve,  e,  is  reached,  the  spring  has 
failed  to  pull  the  governor  back  into  its  normal  position,  the  valve 
will  not  be  opened,  causing  a  miss-stroke. 


iVVVVVVV^ 


Fio.  14-6. 


Fio.  14-7. 


Fig.  14-8. 


Fig.  14-8  shows  the  simplest  kind  of  inertia  governor  for  a 
horizontal  valve  stem.  This  may  be  used  with  or  without  the 
spring.     Its  action  Ls  sufficiently  plain. 

There  are  many  modifications  of  these  fundamental  types.* 

*  See  Gaklner,  Entwerfen  &  Berechncn  der  VerbrcnnungBmotoren,  p.  354. 


REGULATION   OF   GAS    ENOfNES 


453 


The  governor  on  the  Springfield  engine*  Fig.  14-10,  is  quite 
similar  to  the  above,  except  that  the  blade  acts  horizontally** 
In  thi^  case  the  hell  crank  is  carried  by  the  slide.  A,  which  is  ac- 
tuated from  S.  For  normal  speed  the  blade,  P,  is  horizontal,  and 
iu  this  poisition  hits  the  stem  of  the  gas  valve.     For  excesaivo 


3*       L 


xd 


Fig.  14-11* 


speed,  the  spiral  spring  fails  to  bring  the  weight  W  back  into 
normal  position  in  time  and  F  mkscB  the  gm  valve* 

An  Englifih  design  of  hit-and-mi?j8  governor  not  quito  ao  (dimple 
m  sbown  in  Fig.  14-1  l.f    Here  the  ialet  valve  stem,  1 ,  carrieB  tho 


Fia   14-12* 

bracket,  2,  To  thi«  i«  pivDlerJ  a  blad^,  4,  M  Z.  For  n/irfn«I  MpMd 
of  the  engine,  the  fipritig^  *%  gently  pnMai  the  inclinwl  utirfiii r*,  $, 
against  the  stationan-  roller,  7.  In  thiJi  pcivitirin  thf?  blivt^,  4, 
will  hit  the  lever,  8,  ihm  optmtm  the  ffin  vaJvif,  ST.    Hhould  ttia 
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si>eed,  however^  rise  above  normal,  the  up w aril  throw  given  to! 
the  blade  due  to  the  inclined  surface,  6,  slrdiri)^  against  the  Killer, 
7,  becomes  exceaaive,  and  blade  4  fails  to  aissunie  itf?  normal  posi- 
tion by  the  time  the  lever  8  is  reaidied.     The  ga^  valve  then  fads^ 
to  open. 

An  ingenioiLs  modification  rvf  the  a1x>ve  tyjx^s  of  hit-and-miss 
governors  used  by  Delamarc*  in  shown  in  Fig.  14-12.     The  stem 

of  the  inlet  slide  valve 
carries  a  small  cylinder, 

a,  into  which  is  fitted 
stationary  piston,  6, 
tight.   The  needle  valve/ 
r.  serves   to    adjust   the 
velocity   of    air    escape 
from  1>ehind  the  piston, 

b,  With  the  cylinder,  a, 
in  theextreme  riglit-hand 
position,  air  is  admitted 
beliind  h  through  the, 
groove^  d.  As  a  travel] 
to  the  left  at  the  proper" 
speed*  the  air  is  com^ 
piTsscd,  but  it  eeeaf 
through  the  needle  valve," 

c,  just    fast    enough  to^ 
prevent  its  piLshing  out 
ward  the  plunger,  f,  in' 
the   liranch    cylinder,  e, 
agaiast   the   spring-     In 

iMG.  11- Id.  t^ii^  jxjsition  the  Vilarle,^, 

hits  the  gjta  valve  stem,  h.  For  an  excess  in  engine  speed,  cyl- 
inder a  travels  to  the  left  so  fast  that  the  air  cannot  escape 
the  proj3er  rate,  the  pressure  gene  rat  eti  forces  the  pbinger.  /,  nut 
ward^  and  g  nusscs  the  valve  stem  as  shown  in  the  dotted  pe»sition 
(b)  Centrifugal  Governors  fob  Hit-and-Miss  Rkoula^ 
TION,  —  A  hit-and*miss  governor  nf  this  iy\ye  is  useil  In  the 
French  engine  shown  in  Fig.  14-1 3.f    The  centrifugal  goveroofj 

*  Schottlor,  Die  Gasmaschine, 
t  Power  Quarterly,  Oct..  15,  1900. 
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speed,  however,  the  roller  is  shoved  to  the  left  on  its  spindle 
the  governor  linkage,  and  niisses  the  cam. 

The  Campbell  oil  engine  has  a  fly-ball  governor  which  operates 
to  keep  the  exhaust  valve  open  when  the  speed  exceeds  the  nor- 
mal, Figs.  14-15  and  14-16.*  The  rising  of  the  governor  weights^ 
Fig.  14-16,  depresses  the  end,  0,  of  the  lever,  N,  thus  interposit 
the  plate,  P.  Fig-  14-15,  l>etween  the  end  of  the  exhanst  lever,  Mf 
and  the  stationary  bracket,  Q.  This  prevents  the  exhaust  valve 
from  closing  until  the  dropping  of  the  speed  causes  the  governor 


C 
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Fio^  14-16. 


to  withdraw  the  plate,  P,  when  the  exhaust  valve  is  again  regi; 
larly  opened  by  the  sliding  piece,  A", 

A  shaft  governor  acting  to  hold  the  exhaust  valve  ojien 
used  on  the  F'erkins  engine,  Fig,  14-17.t     The  exhaust  valve  i^ 
operated  hy  the  lever  R,  \^hich  in  turn  is  actuated  by  the  block 
v4,  striking  the  end  block,  B,  of  the  rod,  C.     As  the  sjjeecl  ea 
ceeds  the  normal,  the  governor  weights  move  toward  the  circum- 
ference of  the  wheel,  and,  through  suitable  linkage,  throw  the 
latch,  P,  into  a  recea^  in  the  side  of  the  block,  B.     Tliis  prevent 
the  rod  J  C,  from  returning,  and  keeps  the  exhaust  valve  open.'' 

*  Clerk,  the  Oil  and  Gas  Engine* 
t  Power  Quarterly,  Oct.  15,  19O0. 


456 


INTERNAL  COMBUSTION  ENGINES 


the  gas  and  inlet  vaives,  but  also  by  the  relative  velocitiee  of  the 
gm  and  air  mrrents.  Thus  at  bw  loads,  when  the  gas  valve  opens, 
the  gas  coluiTin  has  to  start  from  rest,  while  the  air  column 
already  ha=5  its  maximmn  velocity.  The  time  neederl  for  the  accel- 
eration of  the  gas  column  is  practjeally  romtant,  hence  this  factor  I 
affects  the  mixture  differently  for  every  load.  Another  point 
is  that  unless  the  gas  valve  closes  quickly  there  is  apt  to  be  so 
much  throttling  of  gas  as  to  make  the  mixture  drawn  in  at  the  i 
end  for  low  loads  incombustible.  This  L^  especially  bad  since 
this  mixture  is  apt  to  be  Iocate<l  around  the  igniter. 

The  governor  used  on  the  Niirnberg  crigino  m  of  the  ordinary 
fly-hall  type.  The  trip  gear  for  the  gas  valve  is  shown  in  Fig, 
14-18,*    The  governor  determines  the  position  of  the  bell-crank 
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Fia.  14-19, 

lever  e-g,  and  through  this  the  position  of  the  wiper  cam  lever  d. 
The  eccentric  rod^  6,  through  the  latch  l\,  lifts  the  gas  valve  by 
depressing  the  valve  lever,  o.  The  jxjsition  of  d  determines  the 
time  of  opening.  The  valve  h  closed  pra(.*tically  instantaneouttty 
by  the  coil  spring  shown  in  the  top  of  the  housing  as  soon  us  the 
small  niller,  c,  has  release<l  the  tatch  h^.  The  dash  pot,  /,  serves 
to  damj3en  the  tlrop  of  the  valve,  making  it  close  without  t^hock. 
Many  oil  engines  are  governed  by  what  is  practically  quality 
regulation.  Thus  the  HornBby-Aknml  oil  engine.  Fig.  14-I9,t 
iiikm  a  full  charge  of  air  every  stroke,  but  the  quantity  of  oil  is  , 

*  Power,  Feb.,  1906, 

t  Gaidner,  VerbrennungsmotoreJi »  p.  110. 
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changed  to  suit  the  load.  The  quality  of  the  mixture  therefore 
changes  for  every  different  load.  The  proportioning  of  the  oil 
supply  to  the  load  is  iuifomplbhed  ^  follows.  The  oil  pump 
supplies  a  constant  quantity  of  oil  every  stroke  to  the  vaporizer 
valve,  c.  This  valve,  however,  is  a  two-way  valve,  one  exit  open- 
ing through  an  atomizing  nozzle  into  the  vaporizing  ehamlier, 
while  the  other  allow^s  some  of  the  oil  to  flow  back  into  the  oil 
tank.  The  fly-ball  governor,  through  the  linkage  shown,  controls 
the  size  of  tins  overflow  opening,  c*,  and  thus  determines  the 
amount  of  oil  whieli  enters  the  vaporizer  chamber* 
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Fir..  14-20. 

The  governing  mechanism  of  a  small  Diejsel  oil  engine  ia  shown 
in  Fig.  14-20,*  The  pump  plunger,  a,  m  actuateti  by  the  lay  ghaft, 
h.  The  suction  valve  h  shown  at  c  and  the  automatic  discharge 
valve  at  h  The  oil  under  pressure  flows  through  b  to  the  atomiz- 
ing nozzle.  The  amount  of  oil  requiretl  for  lh<?  loati  on  the  engine 
at  any  given  time  is  measured  by  controlling  the  time  of  clt>sing 
of  the  suction  valve,  c,  forcing  more  or  less  of  the  oil  back  into  the 
*  Galdricr,  VcrbrermungsmotoroHj  p*  379, 
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oil  supply  tank.  The  motion  of  valve  c  Is  controlled  througli 
linkage  not  shown,  by  the  governor  lever  e.  At  g  this  lever  re- 
ceiyes  an  up-and-down  motion  from  the  lay  shaft,  but  the  manner 
in  which  this  motion  Ls  transmitted  to  the  suction  valve  dependsj 
upon  the  position  of  the  fulcrum,  /,  which  is  determino<l  by  if 
governor,  thus  varying  the  time  of  closing  of  the  valve* 

(d)  Quantity  Regulation.  —  Koerting  Bros,  govern  their  four- 
cycle engine  as  follows,  Fig.  14-21*:  Air  enters  through  the  pipe, 
Df  and  gas  through  B.  The  two  are  mixed  in  the  proportion 
suited  to  the  particular  gas  by  the  mixing  valve  A*     This  valve^ 
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Fig.  14-2t. 

when  once  adjusted  therefore  furnishes  a  mixture  of  constant 
ity*  To  suit  the  quantity  of  this  mixture  to  the  load,  the  goi 
nor  controls  the  position  of  the  throttle  valve  e  in  the  passage 
leading  from  the  mixing  valve  to  the  inlet  valve.  This  valve  thus 
throttles  the  charge  during  the  entire  suction  stroke. 

A  very  similar  arrangement  is  used  in  the  Westing  house  en- 
gine, Fig.  i4-22.'|-  *4  m  the  throttle  valve  controlling  the  entrance 
of  the  mixture  to  the  cylinder.     Its  position  depends  upon  thej 

♦  Schfittlor,  Die  Gnsmaitchine. 

f  Ii,  S.  Marksi  In£(tniction  Paper  on  Gas  and  Oil  EugiiieB. 
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iim  of  the  flj-ball  governor,  B.  Gas  enters  the  interior  of  this 
valve  through  ports  G  and  air  through  ports  D,  The  reJative 
proportions  of  these  ports  are  fixed  b_v  slides  H-H,  so  that  tlie 
proper  relation  of  air  to  gas  for  the  fuel  used  can  be  established  and 
maintained. 


:(0 


1 


FtrM  14-22. 

Fig*  14-23  Khowa  the  arrangements  for  operating  and  eontrol- 
linii:  the  mixing  valve  in  the  Ehrhardt  and  Behmer  engine »  which 
m  a  modification  of  the  Dent  a  engine.*  It  will  be  readily  seen,  by 
a  study  of  the  figure,  that  the  governor,  through  its  linkage^  con- 
trols the  potiition  of  the  fulcrum,  about  w^hich  the  valve  lever 
t  urns ,  The  fu  rt  her  t  his  f  ul  c  ru  m  mo  ves  to  t  he  rig  h  t ,  I  he  great  er  w  i  1 1 
be  the  opening  of  the  inlet-valve  and  the  greater,  consequently, 
also,  the  amount  of  mixture,  profjortioned  in  ptissing  the  valve, 
.admitted  to  the  cylinder. 

It  will  be  noted  that  all  of  the  alj4L>ve  exampleji  of  qtiantity 
governing  throttle  the  mixture  throughout  the  suction  stroke.  It 
was  iK>inted  out,  in  the  discussion  on  various  systcfus  of  govern- 
ing, that  the  Bystem  employing  quantity  regulation  whh  cut-off 
was  superior  to  that  which  thmttles  the  charge  throughout  the 
stn>ke,  and  it  fleems  surprising,  therefr^re,  that  this  system  is  not 
in  more  extended  use.    There  is  to  the  writer's  knowledge  only 

*  K.  ReinhBnJt,  Bi-inonthly  Bulktiii  of  the  Am.  Iimi.  of  Mmm$  Eti^iiyMn, 
November,  1906.  p,  1002. 
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one  engine  in  thk  country  employing  the  cut-off  systcna,  I  he  Sar* 
gent  complete  expansion  engine.  This  engine  employ's  a  Rites 
inertia  governor  which  acts  upon  the  lay  shaft  driving  gear  whicK 
is  loose  on  the  crank  shaft,  A.^  the  load  increases  or  dG€refl^5, 
the  governor  retanis  or  ativances  this  gear  relative  to  the  crank 
shaft,  thus  affecting  all  of  the  valve  events  de^iending  upon  the 
lay  shaft  at  the  same  time.  Since  near  the  end  of  the  stmke, 
however,  the  piston  velocity  h  comparatively  small,  a  relatively 


:i  [ 


ii  [^ 


T 


Fig,  14-23* 


large  arlvance    or    retardation  of    the  gear  will    not  affect  tht^j 
exhaust  events  or  the    beginning  of  the  suction   stroke  very! 
much.     But   the   cut-off    occurs   along  the  suction    line    ponie- 
where  near  the  time  when  the  piston  has  its  maximum  velocity, 
and  hence  a  reliitively  small  atlvance  or  retardation  of  the  gear 
is  sufficient   to  change  the    cut-off    materially    and    hence    trtj 
control  the speefl, 

(e)  Combination  Quantity   and   Quality  Regulation.  — 1 
The  purpose  of   these  combination  syatenia  has    already  been] 
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pointed  out.  Fig.  14-24  shows  the  method  as  carried  out  by 
Reichenbach.*  The  governor,  through  the  rod,  c,  controls  the 
position  of  the  bell  crank  lever,  d.  This  lever  has  two 
slotted  arms,  a  and  6.  The  former,  by  rod  and  lever,  reg- 
ulates the  position  of  the  mixing  valve,  while  the  latter, 
by  a  similar  arrangement,  controls  the  position  of  the  throttle 
valve.  Suppose  now  that  the  sliding  blocks  a  and  b  are  in 
the  position  shown  in  the  figure.  Under  these  circum- 
stances,   the   movement   of   the   throttle    valve  is  insignificant 


Fig.  14-24. 


because  b  is  so  close  to  the  center.  Hence  in  this  position  the 
engine  is  practically  governed  by  quality  regulation.  If  the  posi- 
tions of  a  and  b  were  reversed,  that  is,  b  at  the  outer  end  of  its  slot 
and  a  at  the  inner  end,  there  would  be  practically  quantity  regu- 
lation. In  actual  operation  the  positions  of  a  and  b  in  their  re- 
spective slots  are  determined  by  trial  and  depend  upon  the  gas 
used.  The  final  adjustment  is  such  that  for  the  upper  ranges  of 
load  the  quality  of  the  mixture  is  changed,  while  for  the  lower 
loads  the  throttle  valve  comes  into  action  while  the  mixture  is 
♦  Power,  July,  1906. 
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held  at  practically  constant  composition.  In  addition  to  this,] 
Reichenbach  also  puts  the  point  of  ignition  under  governor  con- 
trol, afl%'ancing  it  as  the  loiici  droi>s. 

Reinhardt*a  methotl  of  governing  does  not  come  strictly  underl 
any  of  the  heads  so  far  discusseci.     The  inlet  valve  is  shown  in" 
Fig.  14-25  *     The  valve  o[>eas  and  elofaes  with  the  lieginnmg  and 
end  of  the  Buction  stroke.     Above  the  valve  there  are  arranKe<l 
a  series  of  ports,  I  for  gas  and  II  and  III  for  air.     The  flow  of  gas 


-i> 


Fta.  14-25. 

or  air  from  these  porta  into  the  valve  chamber  proper  is  controlled 
by  a  slide  gnided  by  the  vafve  spindie.  At  the  beginning  of  the 
suction  stroke  the  slide  only  frees  the  ports  from  chamber  III, 
and  hence  only  air  is  admittetl.  At  fiome  point  in  the  stroke,  hnw* 
ever,  as  determined  by  the  governor,  the  slide  m  suddenly  release 
and  forced  down  by  springs.  This  closes  ports  HI  and  oi^ens  gaal 
ports  I  and  air  ports  IL  Mixture  of  the  proper  proportion  then 
•  Reinhardt,  Bi-moathly  Bulletin,  Am.  Inst.  Mining  Engs.,  Nov.,  1006. 
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enters  the  cylinder  until  the  end  of  the  auction  stroke-  As  far  as 
the  admission  of  a  varying  quantity  of  constant  mixture  is  con- 
cerned* this  system  is  pure  quantity  regvilation;  but  since  the 
amount  of  air  drawn  from  111  incre^Lses  ns  the  loiid  decreases^  the 
mixture  in  the  cylinder  as  a  whole  grows  leaner  as  the  load  drops. 
It  is  claimed,  however,  that  comhvLstion  is  good  even  under  fric* 
tion  load,  because  altht^ugli  the  amount  of  constant  mixture  draw^n 
in  ia  smalli  more  or  less  .stratification  of  the  charge  ensures  the 
presence  of  a  faiHy  rich  mixture  around  the  igniter.  The  system 
has  the  advantage  over  pure  quantity  regulation  in  that  the  com- 
pression pressure  remains  practically  unchanged. 

In  genera!  principle  the  abo%'e  method  of  Reinhanit  seems  to 
be  a  modification  of  the  tncthml  of  Mees  patented  in  1901. 


fti- 


Fio.  14-20* 


Letombe,  recognizing^  the  serious  effect  on  thermal  efficiency 

of  the  decrease  in  compression  wd^ich  accompanies  pure  quantity 
regulation,  goes  one  step  further  and  so  arranges  the  valves  that 
the  lean  mixtures  under  low  loads  are  more  strongly  compressed 
than  the  rich  mixture!?  at  the  higher  loads.  Thk  is  thermally  an 
important  step  in  the  right  direction.  In  Fig.  14-26,*  a  is  the 
main  inlet  valve  ojjerated  at  a  constant  lift  by  the  cam,  d,  through 
the  lever,  e.  Aheatl  of  this  inlet  valve  are  the  air  valve,  b,  and  the 
gas  valve,  c.  Vdve  b  Ls  oj>e rated  through  the  lever,  g,  by  the 
cam,  /.  Gas  valve  c  opens  only  when  pushed  up  by  k  Cam  / 
is  shown  in  greater  detail  at  the  left.  It  has  a  number  of  eleva- 
tions, each  of  which  consists  of  two  stejjs  of  different  lengths,  as 
shown  at  1,2,  and  3.  At  full  load  the  roller  on  the  lever, |?,  motmts 
*  BcbAttler,  Die  Ga^niascbiae. 
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the  higher  step  of  ekvation,  1,  opening  both  ft  and  c  wide,  and  i\ 
mixture,  of  constant  prtijx)rtion,  enters  the  eylinder  through 
which  has  been  oj>ene*l  at  the  same  time.  After  awhile  the  roller" 
drops  to  the  lower  step  of  elevation,  1,  air  valve,  d,  elos^  partly, 
closing  gag  valve,  e^  completely.  Only  air  is  then  drawn  into  the 
cylinder  until  the  roller,  g,  drops  off  the  cam  altogethen  Now 
suppose  thai  the  loatl  dro|js.  The  governor  then  pulls  over  the 
roller,  g^  until  it  comes  in  line  with  elevation  2  or  3,  as  the  case 
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Fia,  11-27. 


may  be.  The  time  of  opening  of  the  gas  valve,  c,  m  then  short- 
ened, because  the  hip; her  stop  of  the  elevation  is  shorter;  but  th^ 
time  of  admission  of  air  alone  to  the  cylinder  is  lengthened, 
cause  the  lower  step  of  the  cam  is  longer  than  it  was  befor 
Hence,  although  the  mixture  is  leaner,  the  total  charpce  volume 
greater  than  at  full  lowl,  and  the  leaner  mixtures  tliereforp  receive 
a  higher  compression.  Theuretically;  this  should  give  inereased 
thermal  efficiencies  at  Imv  loads  vm  compared  with  other  aysten 
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of  r^ulation.  In  practice,  however,  for  reasons  not  explained, 
there  does  not  seem  to  be  much  difference. 

(f)  Governinct  ofTwo-C'yclf.  Enginej?.  —  Fig.  14-27  shows  a 
type  of  two-cycle  engine,  the  Lozier,*  muph  used  for  small  motor 
boat  work.  As  in  all  machines  of  this  kind,  the  mixture  is  formed 
and  compressed  in  the  crank-ca.se,  and  flows  from  here  through  a 
communicating:  passage  into  the  cyhnder,  as  shown  by  the  arrows. 
Speed  is  controlled  simply  by  the  throttle  valve  in  the  passage, 
thus  controIHng  the  amount  of  mixture  entering  the  cyHnder. 
This  is  a  very  simple  case,  because  the  toad  on  the  engine  is  prac- 
tically constant. 

In  the  new  Buckeye  two-f'ycle  engine,  which,  els  far  tis  she  ib 
concerned,  is  intermediate  l>etween  the  snuill  two-cycle  gasoline 
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Fio,  14-28, 


engine  and  the  ver}*  large  two-cycle  blast  furnace  gm  engines  of  the 
Koeiljng  or  Oechelhauser  type,  the  fonvard  end  of  the  cyHnder  is 
used  as  a  mixture  pump.  Regulation  is  effete  ted  liy  means  of  the 
balanced  throttle  valve  60,  Fig.  14-28, f  which,  under  the  control  of 
the  fly-ball  governor,  regulates  both  the  suction  to  the  pump  and 
the  delivery  from  the  pump  to  the  combustion  chamlaer  Thus 
this  engine  governs  by  var>^ing  the  quantity  of  the  mixture;  but 
since  the  cylinder  is  always  thoroughly  scavengecl  hy  fresh  air, 
the  mixture  will  naturally  grow  leaner  as  the  load  dro|}s,  while 
the  compresssion  pressure  remains  practically  the  same. 

The  governing  details  of  the  Oechelhauser  two-cynle  machine 
vary  somewhat^  dej^ending  uf>on  the  firm  building  them.     Fig* 

'  *  Power  Quarterly,  Oct.  15,  1900. 

t  Power,  B«pt.,  1906. 
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14-29*  shows  the  scheme  adopted  by  lioi^ig.     It  rnay  be  remem- 
bered that  in  this  machine  air  and  mixture  enter  the  cylinder 
thmugh  sepuratt*  rings  of  ports  in  the  side  of  the  cylinder,  a8  scM>a^ 
as  the  piBton  uncovers  them.     The  air  jKiris  are  uncoveretl  fir 
to  admit  the  scavenging  air,  the  mixture  port^  a  little  later,     Eachf 
ring  of  ports  is  sumjunded  by  a  receiver  into  which  the  air  and 
gas  pumps  deliver  their  charges  under  some  compression.     It  is 
evident  that,  since  the  time  taken  bj''  the  piston  to  uncover  and 
cover  the  ^im  and  air  port.s  Is  practically  coast  ant,  the  amount  of  J 
mixture  that  can  enter  the  cylinder  during  a  given  time  must  de-" 
pend  upon  the  pressure  in  these  receivers,  and  upon  the  port  btb^ 


t       ;: 
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The  governor,  therefore^  is  made  to  act  upon  the  gas  and  air  pumpe 
to  control  the  pressure  in  the  receivers*  Further,  as  the  load  de- 
Gfeases  and  approaches  the  friction  load,  the  amount  of  mixture 
entering  becomes  so  smaJl  as  comparted  with  the  amount  of  air  in 
the  cylinder  that  ignition  is  likely  to  become  difficult.  For  this 
reason  the  mixture  ports  are  surroundetl  by  a  slide  under  governor 
control,  as  shown  at  ^,  Fig,  14-2i)»  which  is  operatetl  in  such  a 
way  that  as  the  load  decreases  the  ports  opposite  the  igniter  are 
gradually  cIo!?ed  fir^t,  thus  insuring  a  comparatively  rich  mixture 
arotmd  the  igniter  at  all  times* 

The  method  of  governing  the  Koerting  two-cycle  engine  also 
*  Riedlefr  Gross-^lfEmtmichinenf  p.  67. 
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Situated  below  the  piston  valve  of  the  gas  pump  there  are  two 
auxiliary  piston  valves,  h  and  i,  which  are  under  the  control  of 
the  governor.  Depending  on  the  load  on  the  engine,  the  gover- 
nor, through  linkage  shown  in  Fig.  14-31,  and  of  which  lever  i, 
Fig.  14-30,  is  a  part,  rotates  these  auxiliary  valves  about  their 
axis,  thus  controlling  the  time  when  the  gas  pump  commences  to 
deliver  its  charge  to  the  power  cylinder. 


CHAPTER  XV 

THE   ESTIMATION   OF   POWER   OF  GAS   ENGINES 

It  Ls  intended  in  this  chapter  to  point  out  the  various  methods 
in  use  by  which  the  power  that  a  given  engine  may  be  expected 
to  develop  can  be  computed,  or,  what  amounts  to  the  same 
thing,  to  determine  the  cylinder  dimensions  for  any  given  power. 

In  steam  engine  practice  this  is  a  comparatively  simple  matter. 
It  is  necessary  merely  to  lay  down  an  ideal  indicator  card  along 
well-defined  lines,  and  then,  by  the  use  of  card  factors  closely 
fixed  by  long  practical  experience,  to  determine  the  probable 
mean  effective  pressure  in  the  cylinder  or  cylinders. 

Although  this  method  Ls  by  some  writers  advocated  also  for 
the  gas  engine,  the  determination  of  the  card  factor  for  gas  engines 
is  based  upon  so  many  component  factors,  which  in  turn  depend 
altogether  upon  the  judgment  of  the  designer,  that  the  result  is 
anything  but  certain.  The  difficulties  attaching  to  this  method 
are  pointed  out  in  greater  detail  below. 

liefore  describing  the  various  methods  of  computing  cylinder 
dimensions  it  is  well  to  examine  briefly  into  the  allowable  piston 
speed.  The  limit  of  piston  speed  of  course  depends  directly  upon 
the  time  of  explosion,  and  this  in  turn  depends  upon  the  kind  of 
mixture  and  to  a  certain  extent  up<m  the  method  of  ignition.  As 
far  as  modem  practice  goes  the  upper  limit  to-day  seems  to  be  at 
about  800  feet  per  minute.  A  certain  formula,  empirical  as  far 
as  the  writer  is  aware,  makes  the  piston  8i)eed  dejxjnd  upon  the 
horse-power  of  the  engine,  stating  that 


piston  speed  =  (660  +  6  Vb.  h.  P.  )  ft.  per  min.  (1) 

in  which  B.  H.  P.^  Ls  the  normal  brake  horse-power. 

A  similar  empirical  formula  for  the  revolutions  per  minute 
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For  stationary"  and  especially  low-comppession  engines  the  value 
of  equations  (1)  and  (2)  should  not  be  exceeded.     For  automobile 
and  other  high-speed  work  the  revolutions  may  be  increased  up 
to  L35  timei^  the  value  computed  from  equation  (2). 

I.   The  First  Method  of  Horse-power  Camputation  is  more 
less  empirical  in  that  it  depends  either  upon  the  outright  assnmp^ 
tion  of  the  mean  effect i%"e  pressure,  or  upon  the  computation  of 
this   factor   from   empirical   or  semi-empirical   formulae.      Thus 
Grover  bases  the  determination  of  the  M.  E.  P»  upon  the  com- 
pression pressure,  making 

M.  K  P.  =  2  C  -  .01  P 

where  C  =  the  pressure  of  compression  in  pounds  above  at  mo 
phere.      This  formula  is  derived  from  an  examination  of  a  large 
numl^er  of  indicator  diagrams,  but   leaves  out  of  consideration 
the  khid  of  fuel  or  the  quality  of  the  mixture.     Further,  tl 
formula  gives  the  maximum  result  when  the  compression  pn^suf 
is  100  pounds  by  ^age.     Beyond  this  tiie  M.  M  P.  drops*     Tfc 
results  can  therefore  be  only  very  approximate. 

S.  A.  Moss,  in  an  article  entitled  *' Rational  Methods  of  Gj 
Engine  Powering,**  in  Power.  July,  1906,  goes  further  tha 
Grover  antt,  in  fixing  ujion  the  probable  M.  E.  P,,  takes  into 
count  the  size  of  engine  as  w^etl  as  the  kind  of  fuel.  The  cooling 
loss  is  relatively  less  in  large  than  in  small  engines,  hence  the 
M.  R  R  may  be  expected  to  increase  somewhat  with  the  size  of, 
the  engine  everything  else  remaining  the  sjime.  The  kind 
fuel  has  an  influence  upon  the  power  developed  in  any  given" 
cylinder  due  to  the  fact  that  the  best  air-fuel  ratios,  i.€.,  mix- 
tures, of  the  different  fuels  have  a  different  heat  content  per 
cubic  foot.  Some  of  the  mixtures  are  poorer,  some  richer  than 
the  average^  as  computed  in  Chapter  X,  Presupposing  equal 
completeness  of  combustion,  the  richer  mixtures  yield  the  higher 
mean  pressures,  and  hence  the  greater  power.  The  follomng 
table  shows  the  probable  M.  E.  P,,  as  computed  by  Moss.  Only 
fDur-cycle  enginea  are  considered  and  the  fuel  is  assumed  to  be 
average  natural  gas  or  ill tmiina ting  gas  (average  heat  conteii 
87  B.  T.  U.  per  cu,  ft,  of  mixture). 
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Table  I.  —  Values  op  Mean   Effective  Pressure  for  Gas  Enoixes 


i 
ill 

Mean  Effective  Pressures,  Lbs.  per  Sq.  Inch. 

Approximate  Brake  Horse-Power  of  Engine 

la 

5or 

leas 

10 

25 

50 

100 

200 

500 

50 

40 

60 

65 

70 

75 

60 

35 

65 

70 

75 

80 

70 

30 

70 

75 

80 

85 

85 

90 

95 

80 

28 

70 

75 

85 

90 

90 

95 

100 

90 

26 

90 

95 

95 

100 

105 

100 

24 

95 

95 

100 

100 

110 

110 

22 

95 

95 

100 

100 

110 

120 

20 

100 

100 

110 

If  some  other  kind  of  fuel  than  the  two  above  specified  is 
used,  the  M.  E.  P.  of  Table  I  should  be  multiplied  by  the  proper 
factor  from  Table  II  following: 

Table  II.  —  Ratios  of  Heat  of  Combustion  per  Cubic  Foot  of  Perfect 
Mixture,  to  Value  for  Average  Natural  Gas  or  Manufactured 
Illuminating  Gas  (87). 

Oil  Gas 1.00 

Water  Gas  (uncarburcted) 1.00 

Coke  Oven  (ias 93 

Air  Gas  (Siemens  Producer  Gas) 79 

Carbureted  Water  Gas    1.05 

Anthracite  Producer  Gas   80 

Bituminous  Producer  Gas    87  ■ 

Blast  Furnace  Gas 67 

Acetylene  Gas 1.28 

Gasoline  (liquid,  vapor,  or  vaporiztHl  and  mixed  with  air) 1.12 

Kerosene  (vaporized  alone  or  mixed  with  air),  and  entering  cylinder     .90 

at  a»x)ut  150°  F 90 

Taylor  Producer  Gas  (R.  D.  Wood  Co.)    73 

That  the  maximum  compression  pressure  allowable  differs 
for  every  fuel  has  already  been  pointed  out  in  Chapter  IV,  where 
a  table  giving  the  compression  pressures  ordinarily  employed 
will  be  found. 

Having  thus  determined  the  probable  M.  E.  P.,  the  indicated 
horse-power  developed  at  normal  load  by  any  given  engine  may 
then  be  computed  from  the  formula 

I  HP     ^Q1:LL1M  (.. 
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where      I  =  stroke  in  ft. 

a  =  piston  area  in  square  inch, 

and        n  —  no»  of  expl options  per  minute  =  about  -"'       in  a 

four-cycle  machine  at  full  load. 

It  will  generally  be  found  that  at  full  load  the  number  of 

explosions  in  a  hit-and-miss  engine  is  not  quite  equal  to    '^ '  -J 

I 

or  that  in  a  machine  governed  by  any  of  the  precision  methofb 
the  card  given  at  full  load  is  not  quite  the  inaximuni  card  obtain- 
able.   This  is  done  in  both  cases  to  give  the  engine  some  oveT 
load  capacity,  say  from  10  to  20  per  cent.     Assuming  an  average' 
overload  capacity  of  say  15  per  cent,  we  then  have  the 


LH.P..  = 


LH.R. 


1.15 


(fi) 


where      I.  H.  P.^    =  normal  or  full  load  L  H.  R,  and 
I.  H,  R^  =  maximum  L  H.  P.  obtainable. 

Now  at  full  load  the  mechanical'  efficiency  of  an  average  engic 
may  be  assumed  to  be  SO  per  cent,  80  that  the  normal  braka] 
horse-power  will  be 


or 


B,  a  P.^  =  .8  L  H.  P.^  =  -4r  LH.P.„  =  ,695  t  H,  R, 
LH.  R_=  1.44B.  H.  R. 


(6)1 


In  the  case  of  an  engine  to  be  constructed,  B.  H.  P,^  is  usuall; 
specified,  hence  1.  H.  P.^  can  be  found  from  equation  (6),     Sub- 
stituting this  in  equation  (4)  leaves  as  the  unknown   factore  in 
this  equation  the  factors  I,  a,  and  n.     The  latter  depends  upo 
the  revolutions,  which  may  also  l)e  sjjccificd  or  determined  from 
equation  (2).     This  leaves  only  t  and  ft  to  be  determined* 

It  is  next  necessary  to  find  some  relation  betw*een  cylinder 
diameter  and  stroke.  An  examination  of  existing  engines  slums 
that  pnicticc  in  this  regard  is  pretty  well  settletK     High-s|)ecd 

st  rok  e 
engines  show  a  ratio  of  -tt- — -:— 
diameter 

engines   the   ratio   varies    from    about 
machine  vary  between  1.5  and  2.0. 


=  1*1  to  L3,    In  medium  speed 
1.2    to    1.6,    and    lat^ 


POWER  OF  GAS  ENGINES  475 

To  determine  the  cylinder  dimensions,  let  d  be  the  diameter 
of  the  cylinder  in  feet  and  let 

I  =  xd  (8) 

Then  equation  (4)  may  be  rewritten  for  maximum  power, 

^„p     _  (M.E.P.)  XxdX  .785  cP  X  144  X  n 
""  33000 


(M.E.P.)x(Pn 
"300 


(9) 


From  this  the  cylinder  diameter  is 


rf_  .73obi.H.p.,>  ..Q. 

'^      V(M.E.P.)xn"-  ^^°^ 

Examples.  —  1.  To  show  the  method  of  using  these  equa- 
tions, suppose  it  is  desired  to  determine  the  required  cylinder 
dimensions  for  a  100  B.  H.  P.,  four-cycle  throttling  engine,  using 
anthracite  producer  gas. 
From  equation  (2),  the  number  of  revolutions  should  be  about 

1200 
r.p.m.  =  65  4-;7^=185 

From  the  table  of  Chapter  IV,  a  compression  pressure  of  120 
pounds  by  gage  is  about  normal  for  the  fuel  used.  From  Tables 
I  and  II  we  should  expect  a  mean  effective  pressure  for  this  case  of 

M.  E.  P.  =  100  X  .80  =  80  pounds. 
From  equation  (7),    I.  H.  P.^  =  1.44  B.  H.  P..  =  1.44  X  100  =  144 

The  engine  being  of  the  throttling  type, 

„  =  iPJIL  =  l|5  =  92.5 

and  X  may  be  assumed  equal  to  1.6. 

Substituting  these  values  in  equation  (10),  we  finally  have 


=  Appr.  18r 
Stroke    =  1.6  X  18.5''  =  app.  29^ 
and         r.p.m.     =  185 
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2.  A  four-cycle  gasoline  engine  has  a  cylinder   diameter  of' 
6*',  a  stroke  of  8^*,  and  the  number  of  revolutions  is  250  per 
minute*     It  m  governed  by  hit  and  miss*     What  is  its  probabJe 
brake  horse-power  at  normal  load? 

The  M.  E*  P,  at  normal  I.  H.  P,  from  Tables  I  and  II  is  about  I 

1.12  X  75  =  84poumls 

assuming  that  the  compression  pressure  is  about  70  pK»unrls  bjJ 
gage.     For  the  maximum  indicated  horse-power,  the  number  off 

explosions  n  may  be  assumed  to  be  equal  to    '\^      =  *^—-  =  125*! 

Substituting  in  equation  (4) 

84X^X  785X6»X125 


I,  H,  R«=  L15  L  H.  R„=  144  B,  H.  R«= 

=  6.35 
From  which 


33000 


B.H,R,=  5H  =  appn4.4 


IL  The  Second  Method  of  determining  mean  effeetive  pref- 
sure  follows  8team  engine  practice,  and  Is  developed  in  detail  by 
Lucke  in  his  Gas  Engine  Design.  The  method  consists  of  draw- 
ing first  a  standanl  air  reference  diagram.  From  this  the  mean 
effective  pressure  is  determined  by  multiplying  the  mean  cflfecti%^e^ 
pressure  of  the  standanl  diagram  by  a  card  or  diagram  factof 
dejienciing  upon  the  kind  of  fuel  user!  and  the  compression  carried. 
Thus  fundamentally  this  method  dcjes  not  tiifTer  greatly  from  J 
that  of  Mass  outlined  above. 

The  stamiard  air  reference  diagram  is  obtained  by  working! 
a  pound  of  air,  whicli  is  aasumet!  to  receive  as  much  heat  as  %j 
pound  of  the  proper  fuel -air  mixture  to  be  used  in  the  real  engine 
would  contain,  through  the  cycle. 

The  following  table  shows  the  card  factors  as  determitied  by| 
Lucke  from  a  large  number  of  constructed  engines: 
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Kind  of  Fuel  i 


t4  U» 


Ouctl  Fador 


Keroaene,  when  previously  vaporised 

Keroserip,  injectAl  on  hot  buin,  may  be  a«  low  as  .  . 

G&solin<?«  hs(k1  in  carbureter  requiring  a  yacuum, 

pending  upon  the  e^ctent  of  the  vacuuni    **.*». 

Oasoline,  with  but  UttW  imtJAl  vacuum  

Producer  gu » .,.,.,.. 

CoaJ  tf^ \  ., ,, ........* ...... 

Blast  fumarOe  g^  ... .--,.***., , . . . 

Natural  gaa * ,..*,.,..,».. 


de- 


45-75 


100-160 
Av.  80 

130-180 
90-140 


30-40 
20 

50-30 

Av.  45 
4^30 
52^40 


Note.  *-C«rd  factom  for  two-<^cJe  engines  may  lie  taken  aa  .8  that  for 
four-cycle  machinea. 

The  mean  effective  pressure  of  the  standard  air  reference 
diagram  of  course  increases  coatiiiuously  with  the  compmasion. 
The  above  table,  however,  shows  that  the  canl  factor  decreases  as 
the  compression  increases  for  all  fuels  except  kerosene.  This 
accounts  for  I  he  fact  that  in  Moss  s  Table  1  the  M.  E,  R  does  not 
increase  beyond  certain  compressions.  The  thermal  and  mechan- 
ical reasons  underlying  this  fact  luu^e  I jeen  explained  in  Chap.  IV. 

The  table  of  card  factors  shows  a  large  range  of  variation  in 
the  different  factors  and  emphasizes  the  point  made  by  Lucke 
that  in  determining  cylinder  sizes  a  preat  deal  must  be  left  to  the 
peiBonal  experience  and  judgment  of  the  designer. 

in<  Third  Method  of  Determining  Cylinder  Dimensions.  It 
must  be  obvious  from  what  hns  l>een  said  that  it  is  not  at  all 
easy  to  predict  with  fair  accuracy  the  mean  effective  pressure 
an  engine  may  be  ex  tweeted  to  realize.  F'or  that  reason  a  method 
of  determining  the  cyrmder  dimensions  of  a  proposed  engine,  or 
the  |K)wer  of  an  existing  engine,  without  first  determining  the 
M.  E.  P.,  should  be  welcome. 

The  met  hod  I  developed  by  Giiklnerj*  is  based  upon  two  well- 
known  facts: 

1,  The  power  developed  by  any  gas  engine  depencb  directly 
u|x>n  tlie  volume  of  the  mixture  it  can  handle  in  unit  time, 

2.  The  power  also  depemis  u|>on  I  lie  thermal  efficiency  w^ith 
which  the  engine  can  handle  this  volume  of  mixture. 

Regarding  the  first  point,  the  charge  volume  in  unit  time 


*  Guidr*t?r,  Entwerfen  dk  Berechiien  der  Verbrennunggtnotoren. 
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involves  cylinder  diameter,  stroke,  and  number  of  reyolutions. 
Two  of  these  factors  can  usually  be  fixed  upon,  which  determines 
the  third.  The  computation  of  the  charge  volume  for  a  given 
time  involves  the  assumption  of  a  value  for  the  volumetric  effi- 
ciency of  the  suction  stroke.  There  is  now  so  much  experimental 
data  regarding  this  point  that  no  great  error  can  be  made.  A 
table  of  volumetric  efficiencies  E^  for  various  types  of  engines  is 
given  on  page  86. 

The  same  is  true  of  the  thermal  efficiency  and  fuel  characteris- 
tics. A  large  number  of  tests  on  various  types  of  machines  and 
different  fuels  enable  us  to-day  to  forecast  with  a  good  degree 
of  accuracy  what  thermal  efficiency  may  be  expected  from  a 
given  engine  when  its  approximate  power  and  the  kind  of  fuel 
used  are  known. 

The  following  derivation  of  equations  for  values  of  diameter, 
stroke  and  revolutions  per  minute  is  due  to  Giildner,*  as  is  also 
the  appended  table.  All  metric  measurements  and  values  have 
been  transformed  to  English  units: 

Let  B.  H.  P.^  or  N^  =  nominal  brake  horse-power. 
n     =  R.  P.  M. 

d     =  piston  diameter  in  feet. 
/      =  stroke  in  feet. 
Vf^  =  .785  dH  =  piston  displacement  per  stroke 

in  cu.  ft. 
V    =  E^\\  =  actual  volume  of  mixture  in  cu.  ft. 

per    suction    stroke,    barometer    28.95". 

temperature  59  degrees  Fahrenheit. 

V 
Ey  =  Ty-  =  volumetric  efficiency  of  suction  stroke. 

L  =  the  volume  of  air  in  cu.  ft.  required  for 
1  cu.  ft.  of  gas  fuel,  or  1  pound  of  liquid 
fuel,  under  most  favorable  practical  con- 
ditions. This  is  not  the  theoretical  quan- 
tity, but  some  excess  quantity  as  seems 
best  for  the  particular  fuel. 

*  The  article  may  be  found  cither  in  the  Zeitschrift  des  Vereines  dcut- 
schcr  Ingcnicurc,  April  26,  1902.  or  in  his  lx)ok,  Entwerfen  und  Berechncn 
dcr  Vcrbrcnnungsniotoren,  pp.  213-215. 
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Let  B.  H.  P.„  or  L^  =  the   resulting   actual   quantity   of  air  in 

cu.    ft.    for   one   explosion,   for   nominal 

horse-power. 
C,  =  the  quantity  of  fuel  used  per  hour,  for 

gases  in  cu.  ft.,  for  liquids  in  pounds,  at 

nominal  horse-power. 
C    =  the  same  per  horse-power  hour. 
Cf^  =  the  same  per  explosion. 
H    =  the  lower  heating  value  of  the  fuel,  for 

gases  per  cu.  ft.,  for  liquids,  per  pound, 

in  B.  T.  U. 

_N^X  33000  X  60  _  2545  Nn_  ( thermal    efficiency    at     the 
778  CsH         ^     CsH        \  brake  =  economic  efficiency. 

P'rom  the  above  we  can  derive  for  four-cycle  engines 

^  _  Nn  X  33000  X  60  _  2545  N^  .... 

^'"           778  7/6          ~~Hr~  ^^^^ 
r  =  2C?  =  2X  2545  iV.  _  84.8  N, 

*  60  n          60  n"i/c              nHe  ^^"^^ 
_  CsL  _  2545  NnL  __  84.8  N,L  : 

*  30  n        30  nHe            nHe  ^^"^^ 

For  two-cycle  engines  equations  (12)  and  (13)  should  be 
divided  by  2,  because  there  is  a  charging  stroke  for  every  revolu- 
tion. 

ENGINKS    FOR   GAS   FUEL 

The  actual  charge  taken  in  by  the  engine  during  one  suction 
stroke  must  be 

This  volume  requires  a  piston  displacement  of 

•        V,  =  .785  <Pl  =  ^-^*  =  mNju^MAJf^ 
Ev  nHeEv 

Solving  (14)  for  d,  I  and  n  in  turn,  we  have 
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ENGINES   FOR   UQUID   FUEL 

In  this  case  the  fuel  is  introduced  either  in  liquid  form  or  in 
the  shape  of  vapor.  In  either  case  the  volume  ratios  of  fuel  to 
air  are  very  much  smaller  than  they  are  in  the  ease  of  gaseous 
fuels.  Take  for  instance  the  case  of  alcohol,  a  fuel  of  low  heating 
value.  Here  we  find  that  the  vapor  does  not  form  theoretically 
more  than  4  per  cent  of  the  volume  of  the  charge.  In  reality  it 
is  even  less  than  this  on  account  of  the  excess  air  used.  In  view 
of  this  fact  we  may  put  for  these  engines 

r»=. 785  «  =  |  =  ^|^cubie  feet  (18) 

Sohnng  this  again  for  d^  I  and  n  we  obtain  for  engines  using 
liquid  fuel: 

d    =v/^„pft.  (19) 

T    enHlEv 

enH(PE^  "*  ^^^ 

,  108  .V,L 

«"^  "    -^elH^  ^21) 

In  these  equations  the  quantities  to  which  certain  values 
must  be  assigned  are  L,  e  and  E^.  As  stated  before,  there  is  now 
so  much  practical  data  at  hand  that  the  proper  determination  of 
these  should  cause  no  difficulty.  For  values  of  E^  see  Table, 
p.  86.  The  table  on  the  opposite  page  gives  values  of  L,  C  and 
e,  as  found  for  various  fuels. 

Since  the  nominal  brake  horse-power  A'^^  is  18  to  20  per  cent 
below  the  maximum  capacity  of  engines  in  ordinary  cases,  it  is 
well  to  assume  an  excess  of  air  of  about  30  per  cent  at  the  outset, 
in  the  case  of  machines  using  gas.     In  the  case  of  liquid  fuel 
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en^inee  a  greater  excess,  50  to  60  per  oentp  should  be  used,  betat 
these  fuels  aie  usually  high  in  heating  value,  and  if  any  economi- 
eal  degree  of  compression  is  to  be  employed^  the  fuel  mixture 
should  be  rather  lean.  Besides  it  is  not  easy  to  produce  a  uniform 
fuel  mixture  in  the  case  of  liquid  fuels,  and  an  excess  of  air  would 
help  to  overcome  this  difficulty.  These  excess  air  fillowances 
ha^-e  been  made  in  the  table.  The  values  of  C  and  e  ane  for  the 
various  fuels  and  for  A'arious  sixes  of  engines,  as  determined  from 
existing  data.  The  fuel  consumed  by  heating  apparatus  and 
ignit  ion  flames  m  not  included  in  C.  In  the  case  of  engines  usic 
generator  gas  it  is  supposed  that  suction  generators  are  employe 
requiring  no  fuel  for  a  separate  Ixiiler. 

To  see  how  the  results  obtaine*!  by  (liildner's  metho<I 
with  those  obtained  by  Moss,  the  same  examples  will  be  taken. 

Example  L  —  Engine  to  l>e  100  B.  H.  P.^  throttling  governor^ 
fuel  to  lie  anthracite  producer  gas.  Determine  the  cylindei; 
dimensions,  assuming  as  before  that  the  number  of  revolutioi: 
is   185  per  minute. 

For  this  case  any  one  of  the  formulae  15  to  17  may  be 
Taking  the  firsts  we  ha\% 


=  v/ 


108AL  (1  +  L) 


feet 


in  which 


N^  =  100  B.  H,  r, 

L    =  air  used  per  cu.  ft.  of  the  fuel  gas  =  say  L3  fo 

ant  liracite  gas  from  the  table, 
B     =  thermal  efficiency  that  may  be  expected  =  .24 

from  the  table. 
It     =  185. 
H   =  heating  value  of  fuel  =  141  B.  T.  l\  fmm  tl 

table. 
Stroke  =  X  d  —  assumed  as  1.6  d  m  previotn 

ca^e, 

volumetric  efficiency  =  say  .90  from  table  p. 


/ 


Then 


Of 


#- 


(P 


108  X  100  X  2.3 


^4  X  185  X  141  X  L6  d  X  ,90 


108  X  UK)  X  2.3 


.24  X  185  X  141  X  L6X.90 


=  2.77 
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from  which  d  =  1.42  ft.  =  appr.  17^,  and 

I  =  1.6d  =  1.6  X  17''  =  appr.27i^ 

This  method,  therefore,  apparently  calls  for  a  smaller  engine. 
Example  2. —  Gasoline   engine,   cyl.   diam.    6",  stroke    8^", 
r.p.m.  250.     Hit-and-miss  governor.    Determine  probable  B.  H.  P. 
For  this,  equation  21  may  be  rewritten 

_  nelHtPEy 


108  L 
in  which     n    =  250  r.p.m. 

e     =  thermal  efficiency  =  .19  from  table. 

/     =  stroke  =  8^  =  .71  ft. 

H  =  heating  value  of  fuel  =  19800,  from  table. 

d    =  6''  =  .5  ft.,  (P  =  .25. 

E^  =  .75,  from  p.  86,  since  this  engine  is  likely  to  have 
an  automatic  inlet  valve. 

L    =  250,  for  a  good  rich  mixture. 
Then 

^j       250  X  .19  X  .71  X  19800  X  .25  X  .75      .  ^^  t>  tj  t^ 
^«  ^  108  X  250 ^  ^-^^  ^•"'^- 

The  previous  example  gave  4.4  B.  H.  P.  so  that  the  agreement 
in  this  case  is  satisfactory. 

IV.  For  determining  the  power  rating  of  automobile  engines, 
several  more  or  less  empirical  formula  are  in  use,  two  of  which 
will  be  cited. 

The  Association  of  Automobile  Manufacturers  has  fixed  upon 
the  following  expression  for  four-cycle  engines: 

B.H.P.  =  ff 

where     d    =  diameter  of  cylinder  in  inches,  and 
N  =  numlxjr  of  cylinders. 

This  is  based  on  a  speed  of  1000  r.p.m. 

The  following  is  a  semi-empirical  formula  developed  by  G.  L. 
Rice  from  an  examination  of  a  large  number  of  automobile 
engines : 
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dPlNn 


B.H.P.  = 


14000 


{■"^-iki) 


where     d   =  eyl.  diam.  in  inches. 
I    =  stroke  in  inches. 
A^  =  no.  of  cylinders, 
n    =  r.p.m.,  and 
CI  =  clearance  expressed  in  terms  of  piston  displacement. 

The  following  example  shows  the  application  of  the  methods 
discussed  to  the  determination  of  the  power  of  an  automobile 
machine. 

Example.  —  Cylinder  diameter  4^,  stroke  4^^^,  r.p.m.  1000, 
no.  of  cylinders  4.     Determine  the  probable  B.  H.  P. 

I.  By  determination  of  M.  E.  P. 

Assume  compression  carried  is  80  pounds,  which  requires 
about  28  per  cent  clearance.     From  Moss's  Tables 

M.  E.  P.  =  75  X  1.12  =  84  pounds. 

From  equation  (4)  therefore 

84  X  ^  X  .785  X  4»  X  500 

I«-^-  = ^^-^3000 =  '^'^' 

Since  the  mechanical  efficiency  is  in  the  neighborhood  of  .80, 

B.  H.  P.  =  .8  X  6  =  4.8 
and  for  four  cylinders 

Total    B.  H.  P.  =  4  X  4.  8  =  19.2 

II.  By  Guldner's  Method: 

_  nelH^Ey 
^'^  ~     108  L 

1000  X  .20  X  ^  X  19800  X  f  ,|Yx  .75 

= ^^^ =  4.6 

108  X  250 

and  total  B.  H.  P.  =  4  X  4.6  =  18.4 

III.  By  Association  Formula: 
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IV.   By  Rice's  Formula: 

4' X  4.5X4X1000/  1       \_ 

^■^■^  ■  -  14000  V*^  +  10  X  .28)      "-^ 

Of  the  above  results,  those  obtained  by  methods  I,  II,  and  IV 
agree  very  well.  Method  III  gives  a  result  considerably  higher, 
but  in  view  of  the  fact  that  the  choice  of  the  factor  2.5  is  some- 
what arbitrary,  this  discrepancy  does  not  mean  much.  If  the 
factor  had  been  taken  equal  to  three,  for  instance,  as  is  sometimes 
done,  the  result  would  be  brought  down  to  21.3  horse-power 
which  is  not  so  far  different  from  the  rest. 


CHAPTER   XVI 


METHODS   OF  TESTING    GAS   ENGINES 


The  actual  testing  of  gas  engines,  that  is.  the  determination  of_ 
indicated  and  brake  ho  rse -po  we  r,  s  peed,  fuel  consu  nipt  ion,  etc.,  dc 
not  differ  materially  from  the  methods  long  become  standard  in' 
steam  engine  practice.    But  the  caltuhitions  involved  in  the  prnpf*r 
working  up  <if  the  data  obtained  are  enough  different  to  have  caused 
enpineering  Boeieties  at  home  and  abroad  to  set  up  niles  and  regu-3 
lation^,  so-called  codes,  for  testing  interna!  combustion  engines. 

Thus  in  1898  the  American  Bociety  of  Mechanical  Eagineer 
app<iinted  a  committee  for  this  purpose  which  rentiered  a  fina 
report  in  an  Appendix  to  the  Steam  Kngine  Cotie  in  UK)1.     The 
British   Institution  of  Civil    Engineers   followed  suit,  the   pre- 
liminary  and  final  reiwrt^^  being  rendered  in  March  and  Decemher|j 
1905j  respectively.     Finally  the    Verein    Deutscher    Ingenieur 
adopted  a  code  for  the  testing  of  gas  engines  and  gas  produf*er 
which  was  published  in  the  Zcitschrift  for  November   24,  1906 J 
The  latter  code  was  translated  nearly  entirely  by  Mr,  F,  E,  Junge 
and  will  be  found  in  Power  for  Febniary,  1907, 

Of  these  codes  the  American  and  German  give  specific  nde 
for  testing,  the  latter  paying  particular  attention  to  accept  ana 
tests  of  both  engines  and  gas  producers.  The  British  refjor 
concerns  itself  mainly  with  establishing  efficiency  standards. 

In  describing  the  methods  followed  in  the  testing  of  ga 
-engines,  it  was  thought  best  to  give  the  American  code  in  it 
entirety,  supplementing  it  by  most  of  the  references  to  the  stean 
engine  code  contained  in  its  original  printed  form.  This  is  fol-^ 
lowed  by  a  translation  of  nearly  the  entire  German  code,  nood 
fied  where  necessary  to  suit  the  American  conditions,  TI 
code  is  also  given  because  it  not  only  supplements  the  Americfl 
code  in  some  important  details,  but  on  account  of  the  rules  giv 
for  the  testing  of  gas  producers. 
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RULES  FOR  CONDUCTING  TESTS  OF  GAS  ANB  OIL  ENGINES, 

1901 


CODE  OF 


I,  Objects  of  the  Tests.  —  At  the  outset  the  specific  object 
of  the  test  should  be  OBcertained,  whether  it  be  to  determine  the 
fulfilment  of  a  contract  guarantee,  to  ascertain  the  highest  econ- 
omy obtainable t  to  find  the  working  economy  and  the  defects  as 
they  exist,  to  ascertain  the  performaace  uader  special  conditions, 
or  to  determine  tlie  effect  of  changes  in  the  conditions;  and  the 
test  should  be  arranged  accordingly. 

Much  depends  u|>on  the  local  conditions  as  to  what  prepara- 
tions should  l>e  made  for  a  test,  and  this  must  be  determined 
largely  by  the  good  sense,  tact,  judgment,  and  ingenuity  of  the 
expert,  undertaking  it,  keeping  in  mind  the  main  issue,  which  is 
to  obtain  accurate  and  reliable  data.  In  deciding  questions  of 
contract,  a  clear  understamling  in  regard  to  the  methods  of  test 
should  he  agreed  upon  l>eforehand  with  all  parties,  unless  these 
are  distinctly  provided  for  in  the  contract. 

n.  General  Condition  of  the  Engine,  —  Examine  the  engine, 
and  uiake  notes  of  its  general  condititvn,  and  any  points  of  design, 
const  mction,  or  ojx^nition  %vhich  liear  on  the  objects  in  view. 
Make  a  special  examination  of  all  the  valves  by  inspecting  the 
seats  and  bearing  surfaces,  and  note  their  condition,  and  see  if  the 
piston  rings  are  gas-tight. 

If  the  trial  is  made  to  determine  the  higliest  efficienc3%  and 
the  examination  shows  evidence  of  leakage,  the  valves  and  piston 
rings,  etc,  shouhl  be  made  tight,  and  all  parts  of  the  engine  put 
in  the  be?^t  possible  working  condition  before  starting  on  the  test. 

Ill*  Dimensions,  etc.  —  Take  the  dimeasions  of  the  cylinder, 
or  cylinders,  whether  already  known  or  not;  this  should  be  done 
,  when  they  are  hot,  and  in  working  order.  If  they  are  slightly 
worn  the  average  diameter  should  be  determined.  Metisure, 
also,  the  compression  space  or  clearance  volume,  which  should  be 
done*  if  practicable,  b}^  filling  the  spaces  witli  water  previously 
measured,  the  projier  correction  being  made  for  the  temj^erature. 

IV,  Fuel.  —  Decide  upon  tfie  gas  or  oil  to  Ix^  used,  and  if  the 
trial  is  t<>  be  matle  for  maximum  efficiency,  the  fuel  should  ]ye  tlie 
hmt  of  its  class  that  can  readily  be  obtained,  or  one  that  shows 
the  highest  calorific  jmwer. 
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V,    Calibration    of    Instruments    used    in    the    Tests.  —  All 

instruments  and  apparatus  should  be  caJibrated  and  their  re- 
liability and  accuracy  verified  by  comparison  %\ith  recogni3:ed 
standards*  Apparatus  liable  to  change  or  to  become  bK^ken^ 
during  the  testa ^  such  lis  gages,  indicator  springs*  and  tber 
mo  meters,  should  be  calibrated  both  I^efore  and  after  the  experi*' 
meuts.  The  accuracy  of  all  scales  should  be  verified  by  standard 
weights.  In  the  case  of  gas  or  water  raetere,  special  attention 
should  be  given  to  their  calibration »  both  before  and  after  the 
trial,  and  at  the  same  rate  of  flow  and  pressure  as  exists  during^ 
the  trial. 

(fit)  Gagks.  —  For   pressuirefl   above  the  atmosphere*  one  of 
the  mast  convenient,  and  at  the  same  time  reliaVJe,  standards  is_ 
the  dead-weight  testing  apparatus  which  is  manufactured  bj 
many  of  the  prominent  gage  makers.      It  consists  of  a  verlicall 
plunger  nicely  fitted  into  a  cylinder  containing  oil  or  glycerine  J 
through  the  medium  of  which  the  pressure  is  transmitted  to  th©| 
gage.      The  plunger  is  surmounted  by  a  circular  stand  on  whichl 
weights  may  be  placed,  antl  by  means  of  which  any  desired  pres-J 
Bure  can  be  secured.    The  total  weight ,  in  pounds,  on  the  plunger] 
at  any  time,  divided  by  the  area  of  the  plunger  and  of  the  bush- 
ing wliich  receives  it^  in  square  inches,  gives  the  pressure  in  poundaj 
per  square  inch,  • 

Another  standard  of  comparison  for  pressures  is  the  mercuiy 
column.     If  this  instrument  is  used,  assurance  must  be  had  that 
it  is  properly  graduated  with  reference  to  the  ever  vai^^ing  2er 
point;  that  the  njcrcury  is  pure,  and  that  the  proper  correction^ 
is  made  for  any  difierence  of  temixrature  that  exists,  compared 
with  the  temperature  at  which  the  instrument  was  graduated. 

For  pressure  Ijelow  the  atmosphere,  an  air  pump  or  some] 
other  means  of  producing  a  vacuum  is  required,  and  reference  J 
must  be  made  to  a  mercury  gage.      Such    a    gage   may  be  a| 
U-tube  having  a  length  of  30  inches  or  so»  with  both  arms  properl) 
filled  with  pure  mercury. 

(5)    Thermometers.  —  Standard    thermometers    are    those] 
which  indicate  212  degrees  Fahrenheit  in  steam  escaping  from 
boiling  water  at  the  normal  barometrical  pressure  of  29.t>2  inchciSt 
the  whole  stem  up  to  the  212-degiiee  point  being  surrounded  byj 
the  steam;  and  which  indicate  32  degrees  Fahrenheit  in  meltiugl 
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ice,  the  stem  being  likewise  completely  immersed  to  the  32 -de- 
gree point;  and  which  are  calibrated  for  points  between  and 
beyond  these  two  references  points.  We  recommend,  for  tem- 
peratures between  212  degrees  and  400  degrees  Fahrenheit,  that 
the  comparison  of  the  thermometer  be  made  with  the  tempera- 
ture given  in  Regiiault*s  Steam  Tables,  the  method  required 
being  to  place  it  in  a  mercury  well  surrounded  by  saturated  steam 
under  sufficient  pressure  to  give  the  right  temperature.  The 
pressure  should  be  accurately  determined  as  pointed  out  in  the 
above  section  (a),  and  the  thermometer  should  be  immersed  to 
the  same  extent  as  it  b  under  its  working  condition. 

Thermometers  in  practice  are  seldom  used  with  the  stems 
fully  immersed;  consequently,  when  they  are  compared  with  the 
standard,  the  comparison  should  be  made  under  like  conditions, 
whatever  those  happen  to  be. 

If  pyrometers  of  any  kind  are  used,  they  should  be  compared 
with  a  mercurj^  thermometer  within  its  range,  and  if  extreme 
accuracy  is  required  with  an  air  thermometer,  or  a  standard 
babied  thereon,  at  higher  points,  care  being  taken  that  the  medium 
surrounding  the  pyrometer,  be  it  air  or  liquid^  is  of  the  same 
uniftirm  tern j>erat are  as  that  surrounding  the  standard. 

(c)  rsDiCATOR  Springs.  —  The  indicator  springs  should  \je 
calibrated  with  the  indicator  in  as  nearly  as  possible  the  same 
condition  as  to  temi>erature  as  exists  during  the  triah  This 
temperature  can  usually  be  estimated  in  any  particular  case.  A 
simple  way  of  heating  the  indicator  is  to  subject  it  to  a  steam 
pressure  just  before  calibration.  Compresseil  air,  or  compressed 
carbonic  acid  gas,  are  suitalile  for  the  actual  work  of  calibration. 
These  gases  should  be  used  in  preference  to  steam,  so  as  to  bring 
the  conditions  as  near  as  possilile  to  those  which  obtain  when 
the  indicators  are  in  actual  use*  When  eompresseil  carbonic 
acid  gas  is  used,  and  trouble  arises  from  the  clogging  of  the  escape 
valves  with  ice,  the  pi|:)*>  between  the  valve  and  the  gas  tank 
shnuki  l>e  heated.  Witli  both  air  and  carbonic  acid  gas,  the 
pipes  leading  to  the  indicator  should  also  be  heated  if  it  is  found 
that  they  are  below^  the  required  temperature.  The  springs  may 
be  catihrated  for  this  class  of  engines  under  a  constant  pressure^ 
if  desired,  and  the  most  satisfactory  method  is  to  cover  the  whole 
range  of  pressure  through  which  the  indicator  acts;  first,  by  grad- 
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tially  increasing  it  from  the  lowest  to  the  highest  point,  and  then 
gradually  reducing  it  from  the  highest  to  the  lowest  point,  In  the 
manner  which  has  heretofore  been  wirlely  followed  by  indicator 
makei^;  a  mean  of  the  results  should  be  taken.  The  calibration 
should  be  made  for  at  least  five  pointSj  two  of  these  being  for  the 
pressures  correspt^nding  to  the  maximum  and  minimum  pressures, 
and  three  for  intennediate  points  equally  distant. 

The  standard  of  comparison  recommended  is  the  dead  weight 
testing  ap[)aratus,  a  mercury  cohnnn,  or  a  steam  gage,  which 
has  been  proved  correct  by  reference  to  either  of  these  standards* 

When  the  scale  of  the  spring  determined  by  ealibration  Is 
found  to  vary  from  the  nominal  scale  with  substantial  uniformity, 
it  is  ugjuaily  sufficiently  accurate  to  take  the  arithmetical  mean 
of  the  scales  found  at  the  different  pressures  tried.  Wien,  how- 
ever, I  he  scale  varies  eonsidcfidjly  at  the  different  points,  and 
absolute  accuracy  is  desirt^d,  the  method  to  be  pursued  is  as 
follows:  Select  a  sample  diagram  and  divide  it  into  a  number  of 
parts  by  means  of  lines  parallel  to  the  atmospheric  line,  the 
number  of  lines  being  eqiud  to  and  corresponding  with  the  num* 
her  of  points  at  which  the  calibration  of  the  spring  is  made. 
Take  the  mean  scale  of  the  spring  for  each  division  and  multiply 
it  by  the  area  of  the  diagram  inclosed  between  two  contiguous 
lines.  Add  all  the  products  together  and  divide  by  the  area  of 
the  whole  diagram;  tlie  result  will  be  the  average  scale  of  the 
spring  to  l>e  used.  If  the  sample  di^ignim  selected  Ls  a  fair  repn?* 
Bentative  of  the  entire  set  of  diagrams  taken  during  the  test,  this 
average  scale  can  be  applied  to  the  whole.  If  not,  a  sufficient 
number  of  samples  of  diagrams  I'epresenting  the  various  ct^tiditions 
can  be  selected,  and  the  average  scale  determined  by  a  similar 
method  for  each,  and  thereby  the  average  for  the  whole  nin. 

{d)  Gas  Metjirj^.  —  A  meter  used  for  measuring  gas  for  a 
gas  engine  should  be  calibrated  by  referring  its  readings  to  the 
displacement  of  a  gasometer  of  known  yohime*  by  comparing  it 
with  a  standard  gas  meter  of  known  error*  or  by  pjwsing  air 
through  the  meter  from  a  tank  in  which  air  under  pirssnre  is 
stored.  If  the  latter  method  is  adopted,  it  is  necessary  to  olkserve 
the  pressure  of  the  air  in  the  tank  and  its  temfx^rature»  both  at 
the  tank  and  at  the  meter,  and  this  should  be  done  at  uniform 
intervals  during  the  progress  of  the  calibration.    The  amount  of 
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air  passing  through  the  meter  is  computed  from  the  volume  of 
the  tank  and  the  observed  teraj>eratures  and  pressures. 

The  volume  of  the  gas  thus  ascertained  should  be  reduced  to 
the  equivalent  at  a  given  tem|3erature  and  atmospheric  pressure, 
corrected  for  the  effect  of  mobtune  in  the  gas»  which  m  ordinarily 
at  the  saturation  point  or  nearly  so.  We  recommend  that  a 
standard  lie  adopted  ittr  gas-<jngine  work^  the  same  as  that  used 
in  photometry,  namely,  the  equivalent  volume  of  the  gas  when 
saturated  with  moisture  at  the  normal  atmospheric  pressure  at  a 
temperature  of  60  degrees  Fahrenheit.  In  order  to  reduce  the 
reading  of  the  vohmie  eontaining  moist  gas  at  any  other  tempera- 
ture to  this  standard,  multiply  by  the  factor 


459,4  +  60      h_ 
459.4+  t    ^ 


(29.92  -  s) 


29,4 


CALIBRATTOM  O^  X  WATER  METER 


in  which  b  is  the  height  of  the  barometer  in  inches  at  32  degrees 
Fahrenheit,  /  the  tenijierature  of  the  gfis  at  the  meter  in  degrees 
Fahrenheit,  and  s  the  vacnum  in  inches  of  merciiry  corresponding 
to  the  temperature  of  t  obtained  from  steam  tables. 

(e)  Water  Meters,  —  A  goc»d  method  of  calibrating  a  water 
meter  is  the  following,  reference  being  made  to  Fig.  16-1. 

Tw^o  tees  A  and  B  are  placed  in  the  feed  pipe,  and  between 
tliem  two  ^'alves  C  and  i>.  The  meter  is  connected  between  the 
outlets  of  the  tecs  A 
and  B,  The  valves 
E  and  F  are  placed 
one  on  each  side  cf 
the  meter  When  t  he 
meter  is  ninning, 
the  valves  E  and  F 
are  opened,  and  the 
valves  C  and  />  are 
closed.  Should  an 
accident  happen  to 
the  meter  during  the 
test,  the  valves  E 
and  F  may  l>e  closed, 
and  the  valves  (*  and  D  opened,  so  as  to  allow  the  feed  water 
to  flow  directly   to  the  pjint  of   use,      A  small    bleeder  G  is 


-!ir4TtirHCTfcl|' 


Fio.  IG-L 
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opened  when  the  valves  C  and  D  are  cloBed,  in  order  ta  make 

sure  that  there  is  no  leakage.  A  ga^e  is  attached  at  H.  When 
the  meter  is  testedr  the  valves  C\  D,  and  F  are  closed,  and  the 
valves  E  and  /  are  openetL  Tlie  water  ftov^-s  from  the  valve 
7  to  a  tank  placed  on  weighing  scales.  In  testing  the  meter  the 
rate  of  flow  should  be  the  same  as  tliat  on  test,  and  the  water 
leaving  the  meter  Ls  throttled  at  the  valve  /  iinli!  (he  presstir 
shown  by  the  gage  H  is  the  same  as  that  indicated  when  the 
meter  Ls  running  under  the  normal  conditions.  The  piping  lead-j 
ing  frrjm  the  valve  /  to  the  tank  is  arrangeii  with  a  swinging  joint ^ 
consisting  merely  of  a  loosely  fitting  elbow,  so  that  it  can  l.>e  swung 
readily  into  the  tank  or  away  from  it.  After  the  desired  pressuiBj 
and  rate  of  flow  have  l>een  secured,  the  end  of  the  pipe  is  s\\iin| 
into  the  tank  the  instant  that  the  pointer  of  the  meter  is  opposite 
some  graduation  mark  on  the  dial,  and  the  water  continues  tQ 
empty  into  the  tank.  The  tests  should  be  made  by  starting  and 
stopping  at  the  same  graduation  mark  on  the  meter  tlialp  and 
continued  imtil  at  least  10  or  20  cubic  feet  are  discharged  for  oni 
test.     The  water  collected  in  the  tank  is  then  weighed. 

The  water  pji^sing  the  meter  should  alwa3^s  be  tmder  pressnr 
in  order  that  any  air  in  the  meter  may  Ijc  discharged  through  the^ 
vents  providetl  for  this  purixjse.  Care  should  be  taken  that  t  heie 
is  no  air  contained  in  the  water.  The  meter  shouhl  be  tested 
iDOth  liefore  and  after  the  engine  trials  and  se^'cral  tests  l^e  made 
of  the  meter  in  each  case  in  order  to  obtain  confirmative  resuHs. 
It  is  well  to  make  preliminary  tests  to  determine  whether  the 
meter  works  satisfactorily  before  connecting  it  up  for  an  engine 
triah  The  results  should  agree  with  each  other  for  two  widely 
different  rates  of  flow. 

VI.  Duration  of  Test.  —  The  duration  of  a  test  shonlc 
depend  ujKJn  its  character  and  the  objects  in  view,  and  in  anj 
case  the  test  should  l>e  continued  until  the  consecutive  readings 
of  the  rates  at  which  oil  or  gjis  is  consumed,  taken  at  say  half* 
hourly  intervals,  tecome  uniform  and  thus  verif%^  each  other.  If 
the  object  ib  to  determine  the  working  economy,  and  the  peric 
of  time  during  which  the  engine  is  usmill}^  in  motion  is  some  part'* 
of  twenty-four  hours,  the  duration  of  the  test  should  be  fixed  for 
this  number  of  houm.  If  the  engine  is  one  using  coal  for  generat- 
ing gas,  the  test  should  cover  a  long  enough  period  to  det< 
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with  accuracy  the  coal  ased  in  the  gas  producer;  such  a  test  should 
l>e  of  at  leiust  twenty-fcmr  hours*  duration,  and  in  most  casea  it 
should  extend  over  several  days, 

Vn,  Starting  and  Stopping  a  Test.  —  In  a  test  for  deter- 
miniDg  the  maximum  economy  of  an  engine,  it  sliould  first  be 
run  a  sufficient  time  to  bring  all  the  contiitions  to  a  normal  and 
constant  state.  Then  tlie  rej^ular  obser%*ations  of  the  test  should 
begin,  and  continue  for  the  allotted  time. 

If  a  test  is  made  lo  determine  the  jjerformance  under  working 
conditions,  the  test  should  l>egin  as  soon  as  the  regular  prepara- 
tions have  been  made  for  starling  the  engine  in  practical  work, 
and  the  measurements  should  then  conmience  and  be  continued 
until  the  cluse  of  the  period  covered  by  the  day's  wT»rk* 

VIIL  Measurement  of  Fuel. —  If  the  fuel  used  is  coal  fur- 
nished to  a  giis  producer,  the  same  methods  apply  for  Lletermiiiing 
the  consumption  as  are  used  in  steam  boiler  tests. 

If  the  fuel  used  be  gas,  the  only  practical  method  of  measure- 
ment is  the  use  of  a  meter  through  which  the  gtis  is  passed.  Gas 
bags  should  l>e  placetl  l^etween  the  meter  and  the  engine  to  dirnin- 
Lsh  the  variation  of  pressure,  and  these  should  be  of  a  size  propor- 
tionate to  the  quantity  used*  When  a  meter  is  employed  to 
measure  the  air  used  by  an  engine*  a  receiver  with  a  flexible 
iliaphragm  should  be  placed  between  the  engine  and  the  meter. 
The  tcm(x?rature  and  pressure  of  the  gas  should  l>e  measured,  as 
aJs^i  the  barometric  pressure  and  temperature  of  the  atmosphere, 
and  the  quantity  of  gas  should  be  <leterniined  by  reference  to  the 
calibration  of  the  meter,  taking  into  accoimt  the  temperature 
and  pressure  of  the  gas.     (See  Section  V  (d}). 

If  the  fuel  is  oil,  this  can  be  drawn  from  a  tank  which  is  filled 
to  the  original  level  at  the  end  of  the  test,  the  amount  of  oil  re- 
quired for  so  doin^  being  wciglied;  or,  for  a  small  engine,  the  oil 
may  be  rirawn  from  a  calibrated  vessel  such  as  a  vertical  pipe, 

In  an  engine  using  an  igniting  flame  the  gas  or  oil  requirctl  for 
it  should  be  included  in  that  of  the  main  supply,  but  the  amount 
so  used  should  be  statefl  separatel3^  if  possible. 

IX.  Measurement  of  Heat-Units  Consumed  by  the  Engine.  — 
The  number  of  heat  units  used  is  found  by  nmltiplying  the  num* 
ber  of  pcmnds  of  coal  or  oil  or  the  cubic  feet  of  gtis  consumed,  by 
the  total  heat  of  combustion  of  the  fuel  as  determined  by  a  cal- 
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orimeter  test.  In  deterrnining  the  total  heat  of  combustion  do 
deduction  is  made  for  the  latent  heat  of  the  water  vapor  in  the 
products  of  combustion.  There  is  a  difference  of  opinion  oa 
the  propriety  of  using  this  higher  heating  value,  and  for  piirp 
of  comparison  care  must  be  taken  to  note  whether  this  or  the 
lower  value  has  been  used*  The  calorimeter  recommended  for 
determining  the  heat  of  combustion  is  the  Mahler,  for  solid  fuebj 
or  oil.  or  the  Junker  for  gases,  or  some  form  of  calorimeter  knowl 
to  he  equally  reliable,  (See  Chapter  VL  or  Poole  on  **  The  Caloriiic 
PowTT  of  Fuels/') 

It  is  sometimes  desirable,  also,  to  have  a  complete  rhemical 
analysis  of  the  oil  or  gas.     The  total  heat  of  combustion  may 
computed,  if  desired*  from  the  results  of  the  analysis,  and  should' 
agree  w^ell  with  the  calorinieltr  values* 

In  using  the  gas  calorimeterp  which  involves  the  determina- 
tion of  the  volume  instead  of  the  weight  of  the  gas,  it  is  important 
that  this  should  be  reduced  to  the  same  temperature  as  that 
corresponding  to  the  conditions  of  the  engine  tfii^L  The  formula 
to  be  used  for  making  the  reduction  is  that  already  given  izij 
Section  V  (ti). 

For  the  purpose  of  making  the  calorimeter  test,  if  the  fuel 
used  is  coal  for  generating  gas  in  a  prfjducer,  or  oil,  samples  should 
be  taken  at  the  time  of  the  engine  trial,  and  carefully  preserved 
for  subsequent  detemiination.  If  gas  is  used,  it  b  l^etter  to  have 
a  gas  calorimeter  on  the  spot,  sampler  taken,  and  the  calorinieterj 
test  made  wliile  the  trial  m  going  on, 

X.  Measurement  of  Jacket  Water  to  Cylinder  or  Cylinders.  — 
Tlie  jacket  water  may  Ix?  measured  by  i>assing  it  through  a  water 
meter  or  allowing  it  to  flow  from  a  me  as  tiring  tank  Ix^fore  enter- 
ing the  jacket,  or  by  collecting  it  in  tanks  on  its  discharge* 

XI.  Indicated  Horse-Power,  —  The  directions  given  for  deter-^ 
mining  the  indicated  horsc^pjwcr  for  steam  engines  apply  in  all 
respects  to  internal  combustion  engines. 

The  imiicateil   horse-power  should  \m  determined   from  the' 
average  mean  effective  pressure  of  diagrams  taken  at  inten^als  of 
twenty  minutes,  and  at  more  frequent  intervals  if  the  nature  o(J 
the  test  makes  this  necessary.     With  variable  loads,  such  as  (hos 
of  engines  driving  generators  for  electric  railroad  work,  and 
rubber-grinding  and  rolling  mill  engines,  the  diagrams  cannot  be 
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taken  too  often.  In  ca&ea  like  the  ktteri  one  method  of  obtain- 
ing suitable  averages  is  to  take  a  series  of  diagrams  on  the  same 
blank  card  without  unhooking  the  driving  cord,  and  apply  the 
pencil  at  successive  intervals  of  ten  seconds  until  two  minutes* 
time  or  more  has  elap«ed,  thereby  obtaining  a  dozen  or  more 
indications  in  the  time  covered.  This  tends  to  insure  the  deter- 
mination of  a  fair  average  for  that  jxjriod.  In  taking  cltagrams 
for  variable  loads,  as  indeed  for  any  load,  the  pencil  should  be 
applied  long  enough  to  cover  several  successive  revolutions,  so 
that  tlie  variations  produced  by  the  action  of  the  govenior  may 
be  properly  recnrdeti.  To  determine  whetlier  the  governor  Is 
subject  to  what  m  called  *' racing"  or  *' hunting,"  a  "variation 
diagram*'  should  be  obtained;  that  is^  one  in  which  the  pencil  is 
applied  a  sidhcient  time  to  cover  a  complete  cycle  of  variations. 
When  the  governor  is  found  to  Im  wt»rking  in  thu?  manner,  the 
defet^t  should  be  remedied  l>efore  proceeding  with  the  test. 

AvTHOR'a  NiTTK.  —  Whf n  the  onginc  h  governed  hj  the  hii-and-jnim 
prinejpk*  tho  dittf^nim^  hik^-ii  on  iMie  ciini  should  iti  ttny  caWM*  tx>vpr  the  sprica 
of  cotisr^titive  explostlonuj  and  the  Eiieaa  diagnitii  should  be  ns(^  im  thm  imaia 
ot  c^tculatioos. 

Tlie  ojoBt  satisfactory  dri^^ng  rig  for  indicating  seems  to  be 
some  form  of  well-made  pantagraphj  with  driving  cord  or  fine 
mrmealed  wire  leading  to  the  indicator.  The  reducing  motion, 
whatever  it  may  be,  and  the  connections  to  the  indicator,  should 
be  so  perfect  as  to  produce  diagrams  of  equal  lengths,  and  pro- 
duce a  prop<jrt  ionate  reduction  of  the  motion  of  the  piston  at 
every  point  of  llie  stroke,  as  prfjved  by  test. 

To  test  the  accuracy  of  the  reducing  motion  without  making 
special  preparations  for  a  thorough  examination,  it  is  sufficient 
to  makp  a  comparison  lx*tween  the  actual  propcjrtion  of  the  stroke 
covered  and  the  apparent  proportion  measured  on  the  indicator, 
and  see  how  they  agree.  This  may  be  done  on  a  large  engine  by 
making  the  comparison  wherever  it  happens  to  stop,  and  ref)eat- 
ing  the  comparison  when  it  lias  stopped  with  the  piston  at  some 
other  point  of  the  stroke.  With  an  engine  which  can  be  turned 
over  by  hand,  or  where  auxiliary'  power  is  pn>vided  for  moving 
it,  the  romparison  miiy  \>e  made  at  a  number  of  equidistant 
points  in  the  stroke*  To  moke  the  test  properly,  a  diagram 
should  be  takea  just  befom  stopping,  and  tbia  will  serve  as  a 
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refereriec  for  the  measurements  taken  after  slopping.  The  actual 
prof>ort!on  of  stroke  covered  is  determined  by  meiijs\iring  the 
distance  which  the  piston  has  moved  and  comparing  it  with  the 
whole  length  of  the  stroke,  making  sure  tliat  the  slack  has  ail 
been  taken  up.  To  obtain  the  apparent  indication  from  the  dia- 
gram, the  indicator  i^ncil  is  moved  up  and  down  with  the  finger 
so  as  to  make  a  vertical  mark  on  the  diagram,  and  the  distance 
of  this  mark  from  the  beginning  of  the  diagram  compared  to  thej 
whole  length  of  t!ie  diiignini  m  the  proportion  desired. 

It  Is  necessary,  of  course »  to  go  through  these  operations  with- J 
out  changing  in  any  way  the  adjustment  of  the  driving  cord  off 
the  intlicator,  or  any  part  of  the  mechanism  that  would  alter  the 
movements  of  the  indicator, 

In  the  manipulation  of  the  indicator  it  is  important  to  keep^ 
the  instrument  in  clean  comiition  and  preserve  it  in  mechanically 
good  order.     Ordinary  cylinder  oil  is  the  best  material  to  use  foij 
lubricating  the  indicator  piston  for  pressunes  above  the  attuos 
phere.      It  is  Ijetter  to  have  the  piston  fit  the  C3'linder  rather 
loosely  —  so  as  to  get  absolute  freedom  of  motion  —  than  to, 
have  a  mechanically  accurate  fit.    In  the  latter  ease,  extremer| 
care  and  frequent  cleanings  are  required  to  obtain  good  diagrams. 
No  diagrams  should  be  accepted  in  which  there  is  any  appearanr^J 
of  want  of  freedom  in  the  movement  of  the  mechanism,     A  ragged! 
or  serrated  line  in  the  region  of  the  expansion  or  compression 
lines  is  a  Bure  indication  that  the  piston  or  some  part  of  tba^ 
mechanism  sticks;  and  when  this  state  of  things  is  revealed  the 
indicator  should  not  }>e  trusted^  but  the  cause  should  }>c  ascer^" 
tained  and  a  suitable  remedy  applied.     An  indicator  which  is. 
free  when  subjected  to  a  steady  pressure,  as  it  is  under  a  U 
of  the  springs  for  calibration,  should  l>e  able  to  produce  the  same] 
horizontal   Une,   or  substantially   the  same,   after   pushing   th6| 
pencil  down  with  the  finger,  as  that  traced  after  pushing  the 
pencil  up  and  sul>sequently  tapping  it  lightly.     When  the  penril 
is  moved  by  the  finger,  first  up  and  then  down,  the  piston  btung 
subjected  to  the  pressure,  the  movement  should  appear  smooth 
to  the  sense  of  feeling. 

The  pipe  connections  for  indicating  gaa  and  oil  engines  should, 
be  removed  as  far  as  possible  from  the  ports  and  ignition  devicesj 
and  made  preferably  in  the  cylinder  head.     The  pipes  should  be" 
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short  and  direct  as  possible.  Avoid  the  use  of  long  pipes, 
otherwise  explosions  of  the  gas  in  these  connertians  may  occur. 

Ordinary  indie  at  ois  suitable  for  indicating  steam  engines  are 
much  too  light ly  constructed  for  gas  and  oil  engines.  The  pencil 
mechanism,  especially  the  pencil  arm,  needs  to  be  very  str^mg  to 
prevent  injury  by  the  sudden  impact  at  the  instant  of  the  ex- 
plosion: a  special  gas-engine  indicator  is  reqnired  for  satisfactory 
work,  with  a  small  piston  and  a  small  .spring. 

Bee  Chapter  I  for  the  description  of  various  indicators. 

XH.  Brake  Horse-Power,  —  The  determination  of  the  brake 
iior9e-p<:)wer»  which  is  very  desirable,  is  the  same  for  internal 
combustion  as  for  steam  engines. 

This  term  applies  to  the  power  delivered  from  the  fl^^-wheel 
shaft  to  the  engine-  It  is  the  power  absorbed  by  a  friction  brake 
applied  to  the  rim  of  the  wheel,  or  to  the  shaft.  A  form  of  brake 
is  preferred  that  is  eelf-ad justing  to  a  certain  extent^  so  that  it 
will,  of  itself,  tend  to  maintain  a  constant  resistance  at  the  rim 
of  the  wheel.  One  of 
the  simplest  brakes 
for  comparatively 
small  engines,  which 
may  be  made  to  em- 
body this  principle, 
consists  of  a  cotton 
or  hemp  rojje,  or  a 
number  of  roj>es,  en- 
circling the  wheel , 
arranged  with  wcirrli- 
ing  scales  or  ttther 
means  for  showing 
the  strain.  An  ordi- 
nary band  brake  may  also  be  constructed  so  as  to  embody  the 
principle.  The  w^heel  should  be  provided  with  interior  flanges 
for  holding  water  used  for  keeping  the  rim  cool. 

A  self-adjnsting  rope  brake  is  illustrated  in  Fig,  16-2,  w^here 
it  will  l?e  seen  that,  if  the  friction  at  the  rim  of  the  wheel  increases, 
it  will  lift  the  weight  A^  which  action  will  cfitninsh  the  tension  in 
the  end  B  of  the  rojie,  and  tints  prevent  a  further  increase  in  the 
friction*    The  same  device  can  be  used  for  a  band  brake  of  the 
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ordiimfy  eomtrnction,     TflfTiere  space  below  the  wheel  is  limitc 
a  cross  bar,  (\  supported  by  a  t*ham  tackle  exactly  at  its  ceiit« 
point,  may  be  tJsed  as  shown  in  Fig.  16-2,  thereby  cmising  the 
action  of  the  weight  on  the  brake  to  be  upward*     A  safety  stop 
should  be  used  with  either  fornix  to  prevent  the  weights  bei 
aecidentally  raised  mope  than  a  certain  amounl. 

The  water-friction  brake  b  sj^ecially  adapteel  fur  high  sf 
and  has  the  advantage  of  teing  self-coohng.     The  Aklen  br^te  : 
also  gelf*cooling  and  ia  capable  of  fine  adjustment, 

A  water-friction  brake  is  shown  in  Fig,  16-S.     It  consl 
two  circular  discs,  .4  and  B,  attached  to  the  shaft  C,  and  ran 

ing  in  a  case,  E,  be- 
tween fixed  planea,j 
The  space  between 
the    dmm   and    the 
planes    is    supplied 
with  running  water,  ^ 
which  enters  at 
and  escaj^s  at  the' 
cocks  F\  G,  and  E. 
The  friction  of  the 
water    agaiiLSt    thai 
surfaces  coiistitutegi 
a    resistance   which 
absorl>s  the  desired  power,  and  the  heat  generated   within  is 
carried  away  by  the  water  itself.    The  water  is  tlirown  outward, 
by  centrifugal  action  and  fills  the  outer  portion  of  the  ea 
The  greater  the  depth  of  the  ring  of  water,  the  greater  amouTit' 
of  power  absorl>ed.     By  suitably  adjusting  the  amount  of  water_ 
entering  and  leaving  any  desired  power  can  be  obtainetl*     Water 
friction  brakes  have  been  used  successfully  at  speeds  of  ovi 
20.000  revolutions  pev  minute. 

I'or  methods  of  computing  brake  horse-power  see  Chapter  I^ 
Xm.   Speed,  —  There  are  several  reliable  methoila  of  ascer- 
lainiug  the  speed*  or  the  number  of  revolutions  of  the  engine^ 
i'^ratik  shaft  per  minute.     The  simplest  is  the  familiar  method  o^ 
A.\mHttng  a  number  of  tuni.^  for  a  jieriod  of  one  minute  with  tin 
^\^  Bxtnl  on  the  second  hantl  of  a  time  piece.     Another  is  the  us 
fni  %,  iH^miter  held  for  a  minute  or  a  nitmber  of  minutes  against] 
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the  end  uf  the  main  shaft.  Another  is  the  use  of  a  reliable  tach- 
ometer held  likewise  against  the  end  of  the  shaft*  The  most 
reliable  met h oil,  and  the  one  we  recommend,  is  the  use  of  a 
pontinirous  recording  engine  register  or  counter,  taking  the  total 
reading  each  time  that  the  general  test  data  are  recorded,  and 
computing  the  revolutions  per  minute  corresponding  to  the 
difference  in  the  readings  of  the  instrument.  When  the  speed  is 
alxive  250  revolutions  per  minute,  it  is  almost  inijx>ssible  to  make 
a  satisfactory  counting  of  the  revolutions  without  the  use  of 
some  kind  of  mechanical  counter. 

The  determination  of  variation  of  speed  during  a  single  levo- 
kit  ion,  or  the  effect  of  the  fluctuation  due  to  sudden  changes  of 
the  load,  is  also  desirable,  es- 
pecially in  engines  driving  electric 
generators  used  for  lighting  pur- 
poses. There  is  at  present  no 
recognized  standard  mctliotl  of 
making  such  determinations,  and 
if  such  are  desimdt  the  method 
employed  may  be  devised  by  the 
person  making  the  test  and  de- 
scrilied  in  detail  in  the  report. 

One  method  suggested  for 
determining  the  instantaneous 
variation  of  speed  which  accom* 
panics  a  change  at  load  is  as 
follows:  A  screen  containing  a 
narrow  slot  is  placed  on  the  end 
of  a  bar  and  vibrated  by  means 
of  electricity.  A  corresjx>nding 
slot  in  a  statioiiary  screen  is 
placed  parallel  and  nearly  touch- 
ing the  vibrating  screen,  and  the 
two  scree UB  are  placed  a  short 
distance  from  the  fiy-whoe!  of  the  engine  in  such  a  position  that 
the  observer  can  look  through  the  two  slots  in  the  direction  of  the 
spokes  of  the  wheel.  The  vibrations  are  adjusted  so  as  to  con- 
form to  the  frequency  with  which  the  six^kes  of  the  wheel  piUBs 
the  slots. 


^\ 
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When  this  is  done  the  observer  viewing  the  wheel  through  the 
slots  sees  what  appears  to  be  a  stationarj'  fly-wheeL  When  a 
change  in  the  velocity  of  the  fly-wheel  occurs,  the  wheel  appeats 
to  revolve  either  backward  or  forward  according  to  the  direct iod 
of  the  change.  By  careful  ob!?ervat ions  of  the  amount  of  thb 
mot  ion  ^  the  change  of  angular  velocity  during  any  given  time  is 
reveale<i 

Exiieriments  that  have  l>een  made  with  a  device  of  this  kind 
show  that  the  instantaneous  gain  of  velocity;  upon  suddenly 
removing  all  the  load  from  an  engine,  amounted  to  from  one* 
sixth  to  one-quaiter  of  a  revolution  of  the  wheel. 

In  an  engine  which  is  governed  by  varying  the  number  of  ex- 
plosions or  working  cycles,  a  record  should  be  kept  of  the  numlier 
of  explosions  per  minute;  or  if  the  engine  is  running  at  nearly 
maximum  load,  by  counting  the  number  of  times  the  governor 
causes  a  miss  in  the  explosions. 

One  way  of  mechanically  recording  the  explosions  is  to  attach 
to  the  exhaust  pipe  a  C3'linder  and  pist*:in  arranged  so  that  the 
pressure  caused  by  the  exhaust  gases  operate  against  a  light 
spring  and  mo\TS  a  register,  which  is  providetl  for  automatically 
counting  the  number, 

At'THOK'a  Note,  —  An  iijat  rumen t.  for  this  purpoep  lias  bf>en  devised  by 
IL  Mnthot.  The  following  description  is  from  his  ^x>ok  on  '*  Modern  Gas 
Engines  and  Pn»ducer  Ctii*  Fliint«: 

The  iiL^tnjirient,  Fig.  Hj-4,  ia  somewhat  similar  in  form  to  the  ofdinary 
ititlimtor*  Its  TtTorti.  however,  is  timde  on  a  paper  tape  which  is  eontinyously 
unwound.  Tho  cyUndor  c  m  pro%idc*d  with  a  piston  p,  iiiiout  the  stem  of 
which  H  spring  t  is  eoiled.  A  noek  imin  contained  in  tm*  ehamlier  6  unwinds 
th*'  strip  of  p^jx^r  fmm  the  roll  j/  and  draws  it  over  the  dnim  p^\  when*  the 
IM-neil  f  \fiivrH  Iho  n\urk.  The  tape  is  then  rewound  on  the  spindle  p**\  A 
MiuiLl  City  I  us  or  pencil  /  tmees  the  atmospheric  line  on  the  paper  as  it  pa^^v 
nver  the  tlmm  p*\  In  order  to  obviate  the  binding  of  the  pist-on  p  when 
«ul>]eeted  to  the  high  temperature  of  the  explosions^  the  cylinder  c  is  ppovitji'd 
vvilK  I*  c7i«iiig  r  in  which  water  is  eireulatt^t  by  means  of  a  small  rublier  tulje 
which  ht^  over  the  nipple  c'.  This  recorder  analyses  with  aij^solute  prerLsion 
(he  work  of  all  enpnc^^j,  whatever  may  be  their  speed.  It  gives  a  eontinurms 
^mphie  reeimi  fixmi  which  the  nitmlserof  explosionsp  together  wilh  the  initial 
pri'itf^un^  %it  each,  am  W  determined,  and  the  order  of  their  succesaion.  Con* 
i«i*(p»ently  I  he  n-^ilarity  or  irreKulEirity  of  the  variations  can  lie  obsen'ed 
and  trai^ni  lo  tht*  ^*condary  innuencea  producing  thcni^  such  as  the  action 
of  tlvi^  'm\vi  and  outlet  valves  and  the  sensitiveness  of  the  governor.  It  tiendera 
it  powilUe  to  eMirnate  the  resistance?  to  auction  and  the  Imek  pressure  due  to 
e%jM*!|miI  tl>e  Uunit  gases^  the  chief  causes  of  loss  in  efficiency  m  hiKb-sptn^d 
eiiKMieH,  FiirtherMion%  the  influence  of  compression  is  nmrkedly  shown 
from  the  diiignuii  obtained. 

The  n»eonler  is  mounted  on  the  engine;  its  piston  is  driven  back  by  eaeh. 
of  the  e^pk^ons  to  a  height  corresponding  with  their  force;  and  th<^  stylus 
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or  pencil  coat  rolled  by  the  lever  t  records  them  aide  by  side  on  the  moving 
strip  of  paper*  The  speed  with  which  this  strip  h  unwound  conforms  ivith  the 
number  of  revolutionij  of  the  engine  to  be  tested,  so  that  the  records  of  the 
explosions  are  placed  aide  by  sidt*  clearly  and  legibly* 

Their  succession  indicates  not  only  the  numlx^r  of  explosion*  and  of 
revolt tt ions  which  occur  in  a  given  time»  but  also  their  regularity,  the  num- 
ber of  misfires*  Thn  prt^S!*UR*  of  the  explosions  is  measured  by  a  st-ale  con- 
nected with  the  njcorder-spring*  By  employing  a  very  weak  spring  which 
flexi^  at  the  bottom  simply  by  the  effect  oi  the  compression  in  the  engine 
cylinder,  it  is  possible  to  ascertain  the  amount  of  the  resistance  to  auction 
and  to  the  exhaust-  It  is  simply  sufficient  to  conipian?  the  explosion  record 
with  th<^  atmospheric  line^  traced  by  the  stylus!  /,  By  means  of  thi«  appa- 
ratus, and  of  the  records  which  it  furnishes,  it  is  possil>Ie  analytically  to  regulate 
the  work  of  an  enginCt  to  a^scertain  the  ppoportjon  of  air,  gas,  or  hydro- 
earbon  which  produces  the  most  powerful  oxpitTision,  to  rt'gumte  the  com- 
preauon,  the  speed,  the  time  of  tgnitioUj  the  tempo  rat  u  re ,  and  the  like. 

XIV-  Recording  the  Data.  —  The  time  of  taking  weights 
and  every  observation  should  be  recorded,  and  note  made  of 
ever>'  event,  however  unim{K>rtant  it  may  seem  to  be.  The 
presstires,  temperatures,  meter  readings,  speeds*  and  other 
measurements  should  be  oteerved  every  20  or  30  minutes  when 
the  conditions  are  practically  uniform,  and  at  more  frequent 
intervals  if  they  are  variable.  Observations  of  the  gas  or  oil 
measurements  should  l>e  taken  with  special  care  at  the  expira- 
tion of  each  hour,  so  as  to  divide  the  test  into  hourly  f:>eriods,  and 
reveal  the  uniformity,  or  otherwise^  of  the  conditions  and  results 
aa  the  test  goes  forv^'ard* 

All  data  and  observat  ions  should  be  kept  on  suitable  prepared 
blank  sheets  or  in  notebooks, 

XV.  Uniformity  of  Conditions.  —  When  the  object  of  the 
test  is  to  determine  the  maximum  economy,  all  the  conditions 
relating  to  the  operation  of  the  engine  should  be  maintained  as 
constant  as  fxjssible  during  the  trial. 

XVI.  Indicator  Diagrams  and  their  Analysis.  —  Sample 
)lAnnAM!s:  Sample  diagrams  nearest  to  the  mean  should  be 
Blected  from  those  taken  during  the  trial  and  appended  to  the 

tables  of  the  results*  If  there  are  separate  compression  or  feed 
cylinders,  the  indicator  diagrams  from  these  should  be  taken 
and  the  jKiwer  dcductetl  fnim  thai  of  the  main  cylinder* 

XVII-  Standards  of  Economy  and  Eflictency.  —  The  hourly 
consumption  of  heat,  determined  as  pointed  out  in  Article  IX, 
divided  by  the  indicated  or  the  brake  horse-power,  is  the  standard 
expression  of  engine  economy  recommended* 

In  making  comparisons  between  the  standard  for  internal 


502 


INTERNAL  COMBUSTION  ENaiNES 


combust  inn  engines  and  that  for  steam,  it  must  be  borne  in  mind 

that  the  former  relates  to  energy  concerned  in  the  generation  of 

the  force  employed,  whereiis  in  the  steam  engine  it  does  not 

relate  to  the  entire  enei^y  expended  iliiring  the  process  of  c^.m^ 

bust  ion  in  the  steam  boiler.    The  steam  engine  standartl  iltn 

not  cover  the  losses  due  to  combustion,  while  the  internal  vtm\- 

bustion  engine  standarcL,  in  cases  where  a  cruile  fuel  such  tis  ml 

is  burned  in  the  cylinder,  does  cover  the^  losses.     To  make  h 

direct  comparison  between  the  two  classes  of  engines  consitlered 

as  complete  plants  for  tfie  production  of  ix>werj  the  losses  in 

generating  the  working  agent  must  be  taken  into  account  in  \mih, 

eaa^  and  the  comparison  must  be  on  the  basis  of  the  fiiel  used: 

and  not  only  this,  but  on  the  basis  of  the  same  or  equivalent  fuelj 

used  in  each  case.      In  such  a  comparison,  where  producer  ga 

is  used,  and  the  producer  is  includecl  in  the  plant,  the  fuel  coa^ 

sumption,  which  will  l>e  the  weiglit  of  coal  in  both  cases,  may  be^ 

directly  compared. 

The  thermal  efficiency  ratio  j)er  indicated  horBc-power  or  per 

brake  horse-power  for  internal  combustion  engines  is  obtiiined 

in  the  same  manner  as  for  steam  engines,  and  is  expressed  by  tl 

fraction 

2545 

BT.U.  per  H,R  per  hour 

XVIII-  Heat  Balance. —  For  purposes  of  scientific  research, 
a  heat  Imlance  Bhnuld  l>e  drawn  which  shows  the  manner  in  which 
the  total  heat  of  cimibuRtion  is  expended  in  the  various  processes 
concerned  in  the  working  of  the  engine.  It  may  be  divided  int< 
three  parts:  first,  the  heat  which  is  converted  into  the  indicate 
or  brake  work;  second,  the  heat  rejet^ted  in  the  cooling  water 
the  jackets;  and  thirds  the  heat  rejected  in  the  exhaust  gascsJ 
together  with  that  lost  through'  inc(miplete  combustion  and 
radiation. 

To  determine  the  first  item,  the  number  of  foot-jiounds  of  m^ork 
performed  hy,  say,  one  pound  or  one  cubic  foot  of  the  fuel 
determined;  and  this  quantity  divided  by  778.  which  is  the  me 
chanicaJ  equivalent  of  one  British  thermal  unit,  gives  the  numl 
of  heat  units  desired.     The  second  item  is  determined  by  mea 
uring  the  amount  of  cooling  water  passed  tlirough  the  jackets  _ 
equivalent  to  one  pound  or  one  cubic  foot  of  fuel  consumed,  and 
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calculating  the  amc^unt  of  heat  rejected,  by  raultiplying  this 
quantity  by  tlxe  differeace  in  the  sensible  heat  of  the  water  leav- 
ing the  jacket  and  tJiat  entering.  The  third  item  is  obtained  by 
Uie  met  hud  of  differences;  that  is,  by  subtracting  the  sum  of  the 
first  two  items  from  the  total  heat  supplied.  The  third  item  can 
be  subdivided  by  computing  the  heat  rejected  in  the  exhaust 
gases  as  a  separate  quantity.  The  data  for  this  computation 
ai^  found  by  analyjsing  the  fuel  and  the  exhaust  ga.ses»  or  b}'^ 
measuring  the  quantity  of  air  admitted  to  the  cylinder  in  addi- 
tion to  that  of  the  gi^  or  oil. 

For  methods  of  making  fuel  and  exhaust  gas  computations, 

Chapter  VL 

XDC,  Report  of  Test.  —  The  data  and  results  of  a  test  should 
be  reported  in  the  manner  outlined  in  one  of  the  fallowing  tables, 
the  first  of  wliich  gives  a  complete  summary  when  all  the  data  are 
determined,  and  the  second  is  a  shorter  form  of  rep<jrt.  in  which 
some  of  the  minor  items  are  omitted, 

XX.  Temperatures  Computed  at  Various  Points  of  the  In- 
dicator Diagram.  —  The  compulation  of  lemix-ratures  correspond- 
ing to  various  points  in  the  indicator  is,  at  l)^t,  apppjximate. 
It  is  possible  only  where  the  temi>erature  of  one  point  is  known 
or  assumed,  cr  where  the  amount  of  air  entering  the  cylinder 
along  with  the  ehaiges  of  gas  or  oil,  and  the  temperature  of  the 
exhaust  gases,  is  determined. 

If  the  amount  of  air  is  determined  for  a  gas  engine,  together 
with  the  necessary  temj^eratures,  so  that  the  volume  and  the 
temperature  of  the  air  entering  the  cylinder  jier  strt>ke,  and  that 
of  the  ga*s  are  known,  we  may,  by  combining  this  with  the  other 
data,  compute  the  temperature  for  a  point  in  the  compression 
curve.  In  this  computation  we  must  allow  for  the  volume  of 
the  exhaust  gases  remaining  in  the  cylinder  at  the  end  of  the 
stroke.  The  tem|:>erature  at  the  point  in  the  compression  curve 
where  it  meets  or  crosses  the  atmospheric  line  will  be  given  by 
the  formula: 


491.4  F' 


Y'f  _|_  yfff  +  V" 


459,4..  ,U); 


where  F'  is  the  total  volume  corresponding  to  the  point  where 
the  compression  curve  meets  or  crosses  the  atmospheric  line;  F* 
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the  volume  of  the  air  at  atmospheric  pressure  entering  the  eylin- 
der  during  each  workinjej  cyrle,  reduced  to  the  equivalent  valumej 
at  32  degrees  Fahrenheit;  V^"  the  vohime  of  the  gas  eonsumed 
per  cycle  reduced  to  the  equivalent  at  atmospheric  pre^ssure  and 
32  degrees  Faiirenheit ;  and  K""  the  volume  of  the  exliaust 
gases  retained  in  the  cylinder  reduced  to  the  same  basis.  To 
rediice  the  actual  vt)lumes  to  tho^e  at.  32  ilegrees  Fahrenheit ^ 
multiply  by  the  ratios  of  491.4-^  (T'  +  459.4),  where  T'  is  the 
observed  temperature  of  the  air  and  of  the  gas  used  as  fuel.  For 
the  exhaust  gases  retained  in  the  cylinder  at  the  end  of  the  stroke 
7"  may  be  taken  as  the  temfierature  of  the  exhaust  gases  leaving 
the  engine,  provided  the  engine  is  not  of  the  "scavenging**  type. 
Having  determined  the  temperature  of  a  point  in  the  com- 
pression curve,  the  temperature  of  any  point  in  the  diagram  may 
be  found  by  the  equation 


r,  -  (r  +  459.4)  ^j-^  -  459.4. 


,(B). 


Here  Tj  is  the  desired  temperature  of  any  point  in  the  dia 
where  the  absolute  pressure  is  F^  and  the  total  volume  V^,  and] 
P  and  V  are  the  corresponding  quantities  for  the  point  in  the' 
compression  line  having  the  temperature  T  computed  from  the 
formula  (-4). 

Formula  (5)  holds  only  where  the  weight  of  the  gases  contained^ 
in  the  cylinder  is  constant.     It  is  also  assumed  in  this  formula 
that  the  density  of  the  gas  compared  to  air  at  the  same  tf^mpera- 
ture  and  pressure  is  the  same  before  and  after  the  explosion. 

A  second  method  may  Ije  emplo3'e<l»  provided  the  air  which 
enters  the  cylinder  is  measured*     This  will  allow  for  any  dif- 
ference in  the  deasity  of  the  gas  l)efore  and  after  explosion,  and. 
more  exact  values  for  temperatures  on  the  expansion  curve  may] 
be  obtained  than  by  the  first  method. 

In  this  method  the  density  of  the  exhaust  gases  compared  toj 
air  at  the  same  temperature  and  pressure  is  computed,  assumingi 
perfect  combustion,  and  including  the  effect  of  the  water  vapor 
present;  and  from  this  density  the  volume  of  the  giises  exhausted^ 
per  cycle  is  determined.  If  this  volume  exhausted  per  cycle,! 
added  to  the  volume  of  the  gas  retained  in  the  clearance  space 
at  the  end  of  the  stn^ke,  be  called  V*  in  equation  B,  and  T  be  the. 
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observed  teraperatnre  of  the  exhaust  gases,  this  equation  may 
be  used  for  determining  the  temperature  of  any  point  in  the  dia- 
gram in  the  way  already  deeeribed.  This  method  is  more  com- 
plicated than  the  fiist,  as  it  involves  the  determination  of  the 
theoretical  density  after  explosion ,  but  it  possesses  the  advantage 
that  it  may  be  applied  to  an  oil  as  well  as  to  a  gas  engine. 

A  third  method  of  computing  the  temperature  of  the  various 
points  in  the  diagram  may  be  employed  where  analyses  of  the 
exhaust  gases  as  well  as  of  the  fuel  have  to  be  made.  This  method 
is  more  complicated  than  the  first,  but,  in  common  mith  the 
second,  it  possesses  the  advantage  that  it  may  be  applied  to  an 
oil  as  well  as  to  a  gas  engine. 

In  applying  the  third  method  the  volume  of  the  exhaust  gases 
discharged  per  working  cycle  would  be  given  by  the  formula: 

V,  =  ^(Rv>  +  w)....(C) 

where  D  m  the  density  of  the  exhaust  gase^  at  their  observed 
temperature,  computed  from  the  analysis,  assuming  the  vapor 
of  water  produced  through  burning  the  hydrogen  in  the  fuel  to 
be  in  a  gaseous  state;  K  the  weight  of  the  air  which  enters  the 
cylinder  per  pound  of  fuel  consumed  per  working  cycle;  the  value 
ot  Ry  providing  there  are  no  unconsiimed  hydrocarbons,  may  be 
computed  by  employing  the  formula  i 


i2  = 


NC 


33  (CO,  +  CO)* 


.(JD) 


where  N,  CO^  and  CO  represent  the  proportions,  by  volume,  of 

the  several  constituents  of  the  exhaust  gases,  and  C  the  w^eight 
of  carbon  consumed  and  converted  to  C0|  or  CO  per  pound  of 
fuel  burned,  computed  from  the  analysis  of  the  fuel  and  of  the 
exhaust  gases. 

Having  determined  the  volume  V^  of  the  exhaust  gases, 
formula  (B)  may  be  used  in  computing  the  temperature,  in  which 
case  T  will  represent  the  temperature  of  the  exhaust  gases  as  in  the 
second  method,  P  the  pressure  of  the  exhaust ,  and  V  the  volume 
of  the  exhaust  gases  V^  discharged  per  stroke,  added  to  the  volume 
of  the  gases  retained  in  the  cylinder  at  the  end  of  the  stroke. 

The  value  of  R  given  in  equation  (D)  is  approximate,  on 
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account  of  the  fact  that  the  percentage  of  N  should  be  that  due 
to  the  air  alone,  and  not  that  due  to  the  air  in  addition  to  that 
contained  in  the  fuel  gas.  Where  extreme  accuracy  is  desired, 
the  value  found  for  R  may  be  used  to  determine  the  percentage 
of  N  which  in  the  analysis  of  the  exhaust  gases  is  due  to  the  N 
in  the  fuel  gas,  and  this  value  may  be  subtracted  from  the  total 
N  shown  by  the  analysis  of  the  fuel  gases,  in  order  to  obtain  the 
correct  value  of  N  to  be  used  in  equation  (C). 

TABLE  NO.  1 
Data  axu  Results  of  Test  of  Gas  or  Oil  Engine 

ArrangEd  according  to  the  Complete  Form  advised  by  the  EIngine  Test  Com- 
mittee, Amencan  Society  of  Mechanical  Engineers.    Code  of  1902 

1.  Made  by of    

on  engine  located  at    

to  determine 

2.  Date  of  trial   

3.  Type  of  engine,  whether  oil  or  gas   


4.  Class  of  engine  (mill,  marine,  motor  for  vehicle,  pumping,  or  other) . 

5.  Number  of  revolutions  for  one  cycle,  and  class  of  cycle 

6.  Method  of  ignition 


7.  Name  of  builders 

8.  Gas  or  oil  used 

(a)  Specific  gravity dog.  Fahr. 

(b)  Burning  point    : " 

(c)  Flushing  point " 

9.  Dimensions  of  en eji no: 

Ist  Cyl.         2d  Cyl. 
(a)  Class  of  cylinder  (working  or  for  compressing 

the  charge) 

(6)  Vertical  or  horizontal  

(r)  Single  or  double  acting 

(d)  Cylinder  dimensions 

Bore   in. 

Stroke     ft. 

Diameter  piston  rod    in. 

Diameter  tail  rod   in. 

(e)  Compression  space  or  clearance  in  per  cent  of 

volume  displaced  by  piston  per  stroke. . 

Head  end 

Crank  end 

Average    

(/)  Surface  in  square  foot  (average)   

Barrel  of  cylinders    

CVlindor  heads 

Clearance  and  ports   

Ends  of  piston 

Piston  rod    
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(g)  Jacket  surfaces  or  internal  surfaces  of  cylinder 
heated  by  jackets,  in  square  feet 

Barrel  of  cylinder 

Cylinier  heads 

clearance  and  ports   

(h)  Horse-power  constant  for  one  lb.  M.  E.  P.,  and 

one  revolution  per  minute 

10.  Give  description  of  main  features  of  engine  and  plant,  and  illustrate  with 

drawings  of  same  given  on  an  appended  sheet.  Describe  method  of 
governing.  State  whether  the  conditions  were  constant  throughout 
the  test. 

Total  Quantities 

1 1 .  Duration  of  test hours. 

12.  Gas  or  oil  consumed    cu.  ft.  or  lbs. 

13.  Air  supplied  in  cubic  feet cubic  feet. 

14.  Cooling  water  supplied  to  jackets -• . . .  " 

15.  Caloritfc  value  of  gas  or  oil  by  calorimeter  test,  determined 

by calorimeter  B.  T.  U. 

Hourly  Quantities 

16.  Gas  or  oil  consumed  per  hour   cu.  ft.  or  lbs. 

17.  Cooling  water  supplied  per  hour lbs. 

Pressures  and  Temperatures 

18.  Pressure  at  meter  (for  gas  engine)  in  inches  of  water ins. 

19.  Barometric  pressure  of  atmosphere: 

(a)  Reading  of  height  of  barometer " 

(6)  Reading  of  temperature  of  barometer deg.  Fahr. 

(c)   Reading  of  barometer  corrected  to  32**  Fahr.  .......  ins. 

20.  Temperature  of  codling  water: 

(a)  Inlet    deg.  Fahr. 

(6)  Outlet 

21 .  Temperature  of  gas  at  meter  (for  gas  engine) " 

22.  Temperature  of  atmosphere: 

(a)  Dry-bulb  thermometer " 

(6)  Wet-bulb  thermometer    " 

(c)   Degree  of  humidity per  cent. 

23.  Temperature  of  exhaust  gases .- cleg.  Fahr. 

How  determined 

DcUa  Relating  to  Heat  Measurement 

24.  Heat  unite  consumed  per  hour  (U)s.  of  oil  or  cu.  ft.  of  gas  per 

hour  multiplied  by  the  total  heat  of  combustion) B.  T.  U. 

25.  Heat  rejected  in  cooling  water: 

(a)  Total  per  hour " 

(6)  In  per  cent  of  heat  of  combustion  of  the  gas  or  oil 

consumed per  cent. 

26.  Sensible  heat  rejected  in  exhaust  gases  above  temperature 

of  inlet  air: 

(a)  Total  per  hour B.  T.  U. 

(6)  In  per  cent  of  heat  of  combustion  of  the  gas  or  oil  con- 
sumed        per  cent. 

27.  Heat  lost  through  incomplete  combustion  and  radiation 

nr  hour: 
.KJf  hour B.  T.  U. 

(6)  In  per  cent  of  heat  of  combustion  of  the  gas  or  oil  con- 
sumed       per  cent. 


^^^H 

^^^^H 

^^^^1 

^^^H 

^^^^H 

^^^H 
^^^H 

^^^H 

^^^^H 
^^^^H 

^^^H 
^^^H 

^^^^B 

^^^H 
^^^^B 

^^B 

^^^H 

^^m 

8                  INTERNAL  COMBUSTION  ENGINES 

Speed,  Etc. 

Revolutions  per  minute    ,.,....,....... , 

Averiigf*  ntini^H^f  of  e?c  plosions  per  minuts  .....,,  ^  -  ^  -  -  - 

2d  Cyl^l 

H.  P.       ^1 

per  cent.     ^H 
B.T.  U.     ^1 

per  cent.     ^^| 

How  determined ,,.,... 

Variation  of  speed  l>etween  no  bad  and  full  loud    . . . 
Fluctuation  of  speed  on  ahan^ing  from  no  load  to  in 

measured  by  the  increase  in  the  revalutioDs  due 

change. 

Iridicator  Diagrams 

Pressure  In  lbs.  per  sq.  in.  above  atmoepbere: 

in)  Maximum  pressure  ....................... 

(b)  Prea^in*  just  Ix'fort^  ignition 

(c)  Pressure  at  end  of  expansion   « . ,  .  ^ . « 4,  - « -  -  . .  * 

U  load 
to  the 

1st  Cyl 

(d)  Exhaust  pressure    . . ,    ,,,..,..,..,,....,., 

Teinp<?mtun'0  in  deg.  Fahr.  computed  From  diai^ms: 

(a)  Maximum    temperature    (not    neoessanly    at 

maximum  pre^urc)    ....... . ... 

(6)  Just  before  ignition  ...,,....,♦..,,  +  *♦,-,., 

(e)   At  end  of  expansion. ..,..*..*.*.  ^ ... , 

(d)  During  exhaust 

Mean  effective  pressure  in  lb®,  per  sq.  in 

Power 

Power  as  rated  by  builden: 

(a)  Indicated  horae-power 

(h)   Brake    .  ,  ,  . ,  , 

Indicated  horse-power  actually  developed; 

First  eylindpr  .  h  .,..*..*.......►...,_. 

Second  cylinder .........  ^ ...... . 

Total ,, 

Bnike  H,  P.,  electric  H.  P.,  or  pump  H.  P.,  aecowling  to  the 

class  of  engine ,.....,... ,,...,,.. 

F  net  ion  Indicatei)  11.  P.  from  dtagiiami  with  no  load  on 

engine  and  computed  for  average  speed 

Percentage  of  indicated  H    P.  lost  In  friction  . .    -  - 

Standard  Efficiency  ResuU^ 

He^t  units  consumed  by  the  engine  per  hour: 

(a)  Per  indicated  horee-power 

(6)   Per  brake  horse-power , .  ^ . . , 

Heat  units  consumed  by  the  engine  per  minute: 

{a)  Per  indical^Hl  horsc*-po\ver ........_.. 

(h)    P<*r  brake  horee-pwiwer 

Thermal  efficiency  ratio: 

(a)  Per  indic-atcd  horse-pi^wer        .  *  ^  .,*.....,  ^ .  < 

(6)  Per  brake  horae-pt)wer 

MuceUan^om  E^cieneij  RtxtdU 

Cubic  feet  of  gas  or  U>s.  of  oil  consumed  per  IL  P.  pei 
(<i)  Per  indicated  horse^power                  .  »    i  .<..►.. . 

■  hour; 

ib)  Per  brake  horse-f>ower  .    ...         ............. 

Hmt  Balance 
Quantities  given  in  per  centa  of  the  total  heat  of  combustion 

of  the  fuel: 
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(a)  Heat  equivalent  of  indicated  horse-power   per  cent. 

(6)  Heat  rejected  in  cooling  water " 

(c)   Heat  rejected  in  exhaust  gases  and  lost  through  radia- 
tion and  incomplete  combustion    " 

Sum  -  100 
Subdivisions  of  Item  (c) : 

(cl)  Heat  rejected  in  exhaust  gases " 

(c2)  Lest  through  incomplete  combustion    " 

(c3)  Lost  through  radiation,  and  unaccounted  for    " 

Sum  «  Item  (c) 

Additional  Data 

Add  any  additional  data  bearing  on  the  particular  objects  of  the  test  or 
reflating  to  the  special  class  of  service  for  which  the  engine  is  to  be  used.  Also 
give  copies  of  indicator  diagrams  nearest  the  mean  and  the  corresponding 
scales.  Where  anal3rse8  are  made  of  the  gas  or  oil  used  as  fuel,  or  of  the 
exhaust  gases,  the  results  may  be  given  in  a  separate  table. 

TABLE  NO.  2 
Data  and  Results  of  Standard  Heat  Test  of  Gas  or  Oil  Engine 

Arranged  according  to  the  Short  Form  advised  by  the  Engine  Test  Committee, 
American  Society  of  Mechanical  Engineers.    Code  of  1902. 


1.   Made  by of 

on  engine  located  at    

to  determine 


2.  Date  of  trial   

3.  T)rpe  and  class  of  engine 


4.  Kind  of  fuel  used 

(a)  Specific  gravity deg.  Fahr. 

(6)  Burning  point   " 

(c)  Flashing  point " 

5.  Dimensions  of  engine: 

IstCyl.    2dCyl. 
(a)  Class  of  cylinder  (working  or  for  compressing 

the  charge) 

(6)  Single  or  double  acting    

(c)  Cylmder  dimensions: 

Bore    in. 

Stroke   ft. 

Diameter  piston  rod    in. 

(d)  Average  compression  space,  or  clearance  in  per 

cent 

(e)  Horse-power  constant  for  one  lb.  M.  E.  P.  and 

one  revolution  per  minute 

Total  Quantities 

6.  Duration  of  test  hours. 

7.  Gas  or  oil  consumed    cu.  ft.  or  lbs. 

8.  Cooling  water  supplied  to  jackets 

9.  Calorific  value  of  fuel  by  calorimeter  test,  determined  by 

calorimeter   B.  T.  U. 


■ 

510                  INTERNAL  COiMBUSTlON  ENGINES 

^ 

^^1 

Fremures  and  TempertUur^^ 

^H 

^^^^H 

10. 

FiffissuTe  at  meter  (for  gas  engine)  in  inches  of  water. ..... 

imi,        ^H 

^^^^^^1 

11. 

Baronietrie  pressure  of  atmosphere: 

^^1 

^^^^^^1 

(a)  Reading  of  Iwjroineter    ..*,..........,...... 

^^^1 

^^^^^^1 

(6)  Rc*adi»g  corrected  to  32  degs*  Fahr 

^^^1 

^^^^^H 

12. 

Temperature  of  cooling  water: 

^H 

^^^^^^1 

(o)  Inlet    ... . . .  , ...... ; 

dcg.  Fahr.    ^H 

^^^^^H 

(b)  Outlet 

^^1 

^^^^^^1 

(e)   Degree  of  humidity    .  ......,....,.,,.,,*,., 

^^^1 

^^^^^^^^H 

13. 

TcinDetTtturt*  of  gjus  at  tneter  (for  gas  engiiie) 

^^^1 

^^^^H 

14, 

Tern  jx'  mt  u  ct'  o  f  at nioaphe  re : 

^H 

^^^^^^1 

(a)  Dry  l>ulb  thermometer  --......♦.-.-.-  ^  .-.*-..-, . 

^^H 

^^H 

15. 

(6)  Wet  bull)  thennonieter 

Temperature  of  exhaust  gOhSC^  .....  ^  ,..._....*,,*..-.. . 

^^M 

DaUi  ReluUn^  i^  HetU  Mmi§UTtmtnl 

^H 

^^1 

16. 

Heat  unit  a  consumed  per  hour  (pounds  of  oil  or  cubic  feet 
of  g^s  per  hour  muhiplied  hy  the  total  beat  of  com  bus- 

^H 

^^^^^^^^H 

tioji)  ^  .....  ^ ..,..,,...,..,.,.,....,..,.,,,, 

B.T.  U^^H 

^M 

17. 

HexLt  rejected  in  cooling  water  per  hour 

Speed,  Etc. 

^^H 

^^^^^H 

18. 

Revolutions  per  minute    ...... 

iw.     ^H 

^H 

19. 

Average  iiuml>cr  of  explosions  per  minute 

Indimior  Diagrarm 

^1 

^^^^H 

20. 

Prc^ure  in  lL>s,  per  sq.  in.  above  atmosphere: 

^^^^1 

^^^^^^1 

latCyl 

2d  CyLH 

^^^^^^1 

(fl)  Maximum  pressure  . .  , ....... . . 

^^1 

^^^^^^1 

(6)  Presaut^  just  Ix^forc  ignition  .,..***.*,**.** 

^^M 

^^^^^^^^H 

(c)   Presaure  at  end  t>f  expiuisiou    ...  .....*..... 

^^^H 

^H 

(d)  Kxhaugt  pn^sau  re 

^H 

(c)   Mean  effective  pressure    ,...,..,.,..,.,..,. 

^^^H 

Power 

^^^1 

^^^^^Hj 

21. 

Indicated  homcupowor: 

^^^^^M 

^^H 

First  cylinder  ......  ^  ...,,,*.,.,. .,,*.*.«* . 

HP.       ^1 

Second  cylinder  ................................... 

^^^^^^1 

Tot  al    ....,...__. .,,,_. 

^^^1 

^^^^^^H 

22. 

Brake  horse-power , • . . . 

^^H 

^^^^^H 

23. 

Friction  horste-power  by  friction  dlagmma    .............. 

Perceniagi?  of  indicated  horse-power  lost  in  fricticm   , . , ,  ^ . 

^^^1 

^^^H 

24. 

per  cent.     ^H 

^^^1 

Siandard  Efficiency ^  and  Other  ResuUt 

H 

^^^^H 

25. 

Heal  units  consumed  liy  the  engine  per  hour: 

^H 

^^^^^^1 

(a)  Per  indicated  hort^'-powor  ,....,....,... 

B.  T.  U.     ^M 

^^^^^^1 

(b)   Per  brake  horse-pgwer  .......................... 

^^^H 

^^^^^^1 

26. 

Pounds  of  oil  or  cubic  fei4  of  gas  consumed  per  hoiir: 

^H 

^^^^^^1 

(a)  Per  iadi<iated  horsc^-power lbs.  or  eu.  ft,^H 

^^M 

(b)  Per  brake  horae-power  .......................... 

"    ■ 

^H 

Additional  Data 

^ 

^^p 

Add  any  additional  data  l^earing  on  the  particular  objects  of  the  t«St  or 

■ 

filiating  to  the  speeiurl  cliiss  of  MTvicc  fur  which  the  enipne  is 

to  be  used. 

M 

AIbo  givv  coptm  of  iutlimtor  duigramfl  nearest  the  rneanj  artd  the 

corpeapond^       J 

1 

i 

scales. 

J 
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RULES    FOR    TESTTNO    GAS    PRODUCERS    AND  GAS    ENOINES, 
OF  THE   GERMAN   SOCIETY    OP   ENGINEERS  * 


CODE 


All  metric  units  hai^e  been  transposed  to  Engluh  unUs 

The  preparation  of  t  he  following  niles  for  making  gsus  engine 
and  producer  tests  was  undertaken  by  a  committee  appointed 
from  the  Verein  deutseher  Ingenieure.  in  collaboration  with  the 
German  Society  of  Engine  Builders,  with  the  view  of  establishing 
definite  general  regulations  governing  such  tests*  It  is  desirable, 
by  s})ecifying  the  important  proportions  of  the  examined  plants 
and  the  conditions  under  which  the  ix^sidts  were  attained,  to  in- 
sure that  these  results  are  not  only  applicable  to  a  single  case, 
but  that  they  have  general  value.  To  attain  this  end  it  is  neces- 
sary that  all  data  should  be  given  uniformly  according  to  a  code 
of  regulations  such  as  that  here  presented* 

The  execution  of  such  tests  should  l)e  intrusted  only  to  per- 
sons possessing  tlie  requirLnl  expert  knowledge  and  practical 
exfjericnce.  These  |>ersons  must  make  a  trial  plan,  or  schedule^ 
appropriate  to  tiie  indivitlual  case  in  hand,  which,  in  many  in- 
stances, will  not  require  ttuit  all  of  the  investigations  stipulated 
in  the  general  code  are  actually  camod  out.  They  must  further 
examine  the  instrtiments  for  measuring  or  recording  purposes  as 
to  their  fitness  and  must  compile  the  results.  The  following 
rule^,  the  adoption  or  selection  of  which  must  be  left  to  the 
sotmdness  of  jutlgment  of  the  investigatorj  are  intended  to  serve 
as  a  bajiis  on  which  to  proceed. 

GENERAL    REGULATIONS 

Objed  of  Investigation 

L  The  object  of  a  test  made  on  a  producer-gas  plant  may  be 
to  determine: 

(a)  The  quantity,  composition,  and  calorific  value  of  the  fuel 
consumed, 

(b)  The  quantity,  composition,  and  heat  value  of  the  gas 
produced* 

(c)  The  degree  of  efheiency  of  the  producer-gas  plant. 

(d)  The  separate  heat  losses  in  the  plant, 

♦  MainJy  from  F.  E.  Junge'a  tmnalation  in  Power,  Feb.,  1907. 
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(e)  The  quantity  of  impurities  contained  in  one  cubic  meter^ 
or  one  cubic  foot  of  gas  (dust,  tar,  sulphur,  etc), 

{/)  The  moisture  contents  of  the  gas. 

ig)  The  water  eonsmnption  of  the  producer-gas  plant,  either^ 
total  or  in  the  separate  parts. 

(h)  The  mechanical  work  required  for  operating  the  plant,' 
including  apparatus. 

(i)  The  duration  of  tinne  required  for  starting. 

(k)  The  stand-by  losses  during  intervals  of  shutting  down 
day  or  night  times. 

2.  Tiie  object  of  a  test  made  on  an  internal  combustion  (gaaj 
engine  mity  l>e  to  determine: 

(a)  Tlie  indicated  capacity  and  the  effective  output. 

(b)  The  mechanical  efficiency, 
(r)  The    fuel   consumption   and   the    heat    consumption  ^p&T 

horse- power  hour. 

(rf)  The  consumption  of  lubricants,  separately  for  cylinder 
and  engine. 

(e)  The  consumption  of  water  and  the  heat  conducted  to  the^ 
cooling  water. 

{/)  The  fluctuations  in  number  of  revolutions. 

(jg)  The  composition  of  exhaust  gases. 


NUMBER    AND    DURATION    OF   TESTS 

Admismhle  Fluctiiations 

3.  The  number  and  duration  of  trials  are  determined  by 
purpose  of  the  test  a^  well  as  by  a  consideration  of  the  cnnditi 
of  installation  and  operation,  and  must  be  settled  and  pi^vioiii^lj 
arranged  according  to  paragraphs  four  to  eight.  For  trials  of 
special  importance  the  results  of  which  are  decisive  for  acceptance 
tests,  for  penalties  or  for  premiums,  this  item  deserv^es  special 
consideration. 

4.  Acceptance  tests  should  t>e  made  if  possible  immediatelj 
after  a  plant  has  been  put  into  actual  operation;  the  manufacturers, 
howevert  must  be  granted  a  reasonable  time  for  making preliminar 
trials  of  their  own  and  for  carrying  out  alterations  or  improvement! 
then  necessary.  The  length  of  this  time  and  other  condittonjs  are 
best  agreed  upon  when  drawing  up  the  delivery  contract. 
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5*  In  order  to  be  able  to  get  acquainted  with  the  operation  of 
the  plant  that  is  to  be  tested,  to  find  time  for  examining  the 
testing  devices  employed,  and  to  break  in  observers  and  assistants, 
it  is  desirable  that  preliminary  trials  be  allowed, 

6.  If  the  fuel  consumption  in  gas  producers  is  to  be  deter- 
mined^ the  trial  run  must  be  extendetl  over  at  least  eight  hours 
under  constant  conditions  and  without  interruptions* 

7<  For  determining  the  consumption  of  liquid  or  gaseous 
fuel  and  provided  the  conditions  are  constant,  it  is  sufficient  for 
the  higher  loads  to  extend  measiuiements  over  an  hour,  while  for 
finding  the  consumption  at  the  lower  loads,  measurements  of 
even  shorter  duration  are  sufficient.  To  ascertain  the  constancy 
of  the  conditions  the  temperature  of  the  outflowing  cooling  water 
must  be  read  from  time  to  time.  These  rules  as  to  the  duration 
of  the  tests  are  made  with  the  provision  that  no  interruption  or 
disturbance  of  the  trial  takes  place,  and  that  intermediate  read- 
ings show  only  slightly  varying  values  for  the  consumption. 

8.  If  only  the  mechanical  efficiency  of  an  engine  is  to  be 
determined,  trials  of  short  duration  under  constant  conditions 
are  sufficient;  but  at  least  ten  sets  of  indicator  cards  should  be 
taken. 

9.  For  investigations  of  special  importance  at  least  two  tests 
should  be  made^  one  after  the  other.  They  shoukl  be  accepted 
only  if  no  interruptions  occurred  and  if  the  results  show  no  greater 
deviations  than  thr^e  due  to  unavoidable  errors  of  observation* 
The  mean  of  ihe  two  results  is  to  be  taken  as  the  final  result, 

10.  The  extent  to  which  the  capacity  and  consumption  of 
gas  may  differ  from  the  guarantee  or  contract  figures,  without 
justifying  a  claim  of  breach  of  contract,  is  to  be  clearly  stated 
before  the  tests  (either  in  the  original  contract  or  in  the  schedule 
of  tests).  When  no  other  agreement  has  been  previously  arrived 
at,  the  capacity  guarantee  is  regarded  as  fulfilled  if  the  figure 
obtained  in  the  test  is  not  mom  than  5  per  cent  below  the 
value  on  which  the  guarantee  was  based.  This  margin,  how- 
ever, is  allowable  only  for  the  maximum  output  which  was 
promised  lieyond  the  guaranteed  continuous  output.  The  latter 
must  be  rendered  by  the  engine  under  all  circumstances. 

The  consumption  of  fuel  and  water  as  determined  on  test 
should  not  exceed  the  guaranteed  figui^es  by  more  than  5  per  cent 
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even  if,  during  the  trial,  the  engine  load  fluctuated  8  time  what 
from  the  load  upon  which  the  guarantee  was  bjmed,  provide 
that  fluctuation  do  not  exceed  an  average  of  ±5  per  cent  of  sue 
load,  or  a  maximum  of  ±15  per  cent* 

Hiuce  it  is  often  impossible  when  making  tests  to  have  tl 
internal  combustion  engine  work  at  exactly  the  effe<?tive  (hor 
power)  capacity  on  which  the  guarantee  agreed  upon  in  the  eo< 
tract  ia  based,  it  is  recommended  that  the  agieement  shall  specil 
the  expected  fuel  consumption  for  higher  and  lower  output 
The  same  provision  is  perferably  made  also  with  gas  producei 


UNITS   OF   MEASUREMENT   AND    DESIGNATIONS 

11.  When  giving  pressure  data  it   must  be  stated  whethfl 
absolute  pressures  or  gage    pi^ssures    above    or  below  tlie 
mospheric    are    meant.     Absolute    pressure   equals    atmc*spherjc 
pj^essura  phis  gage  pressure, 

12.  All  teniperatui-e   and   heat   measurements   refer  to 
Fahrenheit  scale* 

13.  The  meeharucal  equivalent  of  heat  is  taken  at  778  fo 
pounds. 

14.  The  calorific  value  of  a  fuel  is  to  be  taken  as  its  lower 
heating  value;  that  is>  the  lieat  which  is  liberated  by  the  rom- 
pJete  combustion  of  the  fuel  when  the  burnt  pmducts  um  coole 
down  to  the  original  (room)  temperature  at  constant  pressure, 
being  assumed,  however,  that  the  water  of  combustion  and  the" 
moisture  contained  in  the  fuel  remain  vaporized.     The  calorif 
value  must  be  based  on  the  unit  quantity  or  weight  of  origtc 
fuel,   without    deducting  ash,  moktunc,  etc.,  and   is  to  be  ex-" 
pressed  in  heat  units.     For  both  solid  and  liquid  fuels  the  ur 
of  weight  is  the  pound. 

The  heat  value  of  gaseous  fuels  is  based  on  one  cubic  foot  at" 
32  degrees  Fahrenheit,  and  760  millimeters  barometer  pressur 
or  must  be  expressed  in  thermal  units  as  "effective'*  heat  valui 
that  is,  reduced  to  one  cubic  foot  of  actual  gas  used.     If  nc 
specially  Btated,  it  is  always  undeiistood  that  the  heat   value 
recorded  is  that  of  gas  at  32  degrees  Fahrenheit  and  760  milli- 
meter barometer  pressure. 

In  this  country  the  general  standard  so  far  recommende 
seems  to  indicate  for  "standard  gas"  a  temperature  of  60  degrees 
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Fahrenheit,  and  a  pnessiin?  of  14,7  poumls  per  square  inch,  cor- 
n]^spcindiDg  to  the  usual  atmckspherie  pressure. 

15.  The  efficienry  of  a  gas-producer  plant  is  the  ratio  of  the 
latent  heat  contained  in  the  gas  as  produced  to  the  heat  of  com- 
bustion of  the  total  weight  of  fuel  consumed  in  the  plant,  both 
items  being  computed  from  the  hiwer  heating  value.  In  pro- 
ducer-gas plants  having  a  separately  fii-ed  steam  boiler,  it  is 
advisable  also  to  determine  the  ratio  of  the  beat  which  is  chemi- 
cally bound  in  the  producer  gas  to  the  heat  equiv^alent  of  that 
poHion  of  the  fuel  which  is  consumed  in  the  producer  proper  for 
makitig  such  gas. 

16.  The  unit  of  measurement  used  for  the  power  or 
work  output  of  an  internal  combustion  engine  is  the  hoi^se- 
power  equal  to  3:3()00  foot-poumls  |3er  minutt?*  It  must  be 
clearly  stated  whether  the  indicated  power*  or  the  useful 
or  available  power,  is  meant.  If  not  otherwise  designated  it 
18  understood  that  the  figures  refer  to  the  useful  or  available 
output. 

17.  The  indicated  power  of  the  engine,  or  the  indicated  work, 
is  the  difference  between  the  total  power  developed  or  work  done, 
mid  the  indicated  p^nver*  or  wT>rk,  which  is  con8ume<l  within  the 
tagine;  in  short,  the  difference  between  the  positive  and  the 
negative  indicated  power  or  work. 

AuTHoa'e  Note.  —  This  m  the  provimoa  which  catised  considemble  di»* 

cUBsion  amoTifi^  gas-cn^'no  experts  some  time  ago.  It  mean  a  a^  it  stands,  that 
in  a  4*cyi"le  machines  the  indictifi'd  hr>n^'|>ciwer  it*  ttiat  tipt(*rnunrHt  from  the 
work  ditigram  tnitiit£i  tht*  work  abovvn  \*y  the  lower  loop  diH^nim  ;  Qtid,  in  a 
2-cyHj'*  i*i>gint\  the  fotivl  indicated  horer^-powcr  a^  det'Ctrminid  fnmi  the  di^i- 
gram  of  the  powrr  e^^liJider  niinua  the  pump  work  is  etinfiidered  its  the  indl- 
eiited  hc»rB<?-powcT,  This  view^  ia  undoubtedly  ei*rn?ct  when  the  inechanical 
efficiency  of  the  engine  itself  as  n  muehine  la  to  be  dc termini^* 

The  power  i^eqiiired  at  "  no  load  "  is  the  power  indicated  when 
no  useful  work  is  tendered  by  the  engine. 

18.  Meehanieal  efficiency  is  the  ratio  of  the  useful  power  to 
tlifi  indicated  prjwer  of  the  en^rine. 

19.  All  consumption  figures  should  \ye  reduced  to  the  hour 
basis,  and  if  tlicy  are  to  be  compared  with  the  output  of  the 
engine  they  must  be  based  on  one  horso-power  hour.  If  not 
otherwiBe  agreed  upon,  these  data  refer  to  the  useful  or  available 
output  at  full  load. 
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EXECUTION   OF  TESTS 

20.  If  the  quantity  of  gas  made  in  a  producer  or  the  weight 
of  fuel  consumed  in  an  engine  is  to  be  measured,  then  all  pipes  or 
ducts  which  are  not  used  in  the  test  must  be  cut  off  from  the  pip- 
ing which  leads  to  the  producer  and  engine  that  are  to  be  t^ted. 
This  is  best  done  by  means  of  bhnd  flanges.  The  active  ductj, 
pipes,  gas  holders,  etc.,  must  be  examined  wnth  regard  to  leakage 
afirl  made  tight  if  necessary.  Unavoidable  losses  due  to  leakage 
must  be  determined.    This  holds  especially  for  masonry  gas  maiiM. 


FUEL   CONSUMPTION    OF   A    GAS-PRODUCER   PLANT 

2L  The  kind,  number,  and  duration  of  tests  must  be  agreed 
upon  according  to  the  general  rules  laid  down  in  paragraphs  1 
to  10, 

22.  The  constructive  features  and  the  operative  conditions 

of  gas-producer  phints  must  be  descrilied  and  illustrated  in  the 
report  by  drawings ^  so  far  as  this  is  necessary,  to  arrive  at  a  clear 
understanding  of  the  manner  of  working  and  of  the  results  ob- 
tained. 

23.  Before  making  the  test  the  plant  should  be  examined  as 
to  whether  or  not  it  is  in  good  working  order. 

24.  The  quantity  of  fuel  consumed  in  the  gas  producer  is 
determined  by  taking  the  weight  of  the  fuel  which  is  charged 
into  the  producer  during  the  trials  in  order  thai  the  producer  may 
contain  at  the  end  of  the  test  exactly  the  same  amount  of  heat  — 
either  hbemted,  or  chemically  bound  in  the  fuel  —  that  it  con- 
tained when  starting  the  test.  To  meet  this  leqiiirement  it  is 
not  sufficient  that  the  depth  of  the  fuel  Ixul  be  the  same  at  the 
end  as  it  was  at  the  beginning;  it  must  also  be  taken  into  con- 
sideration what  influence  the  ash  and  the  slag  left  in  the  pro- 
duceri  the  location  of  the  incandescent  zone,  the  formation  of 
fissures  and  cavities,  the  closeness  or  density  of  the  producer 
chaise,  and  the  chemical  composition  of  the  burning  fuel  par- 
ticles exercise  on  the  heat  contents  of  the  producer. 

In  onler  to  comply  with  this  mquirement  the  following  ndes 
should  be  followed: 

25.  When  starting  the  test  the  plant  should  l)e  in  the 
condition  of  stability  or  normal  working  condition,  if   possible. 
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This  means  that  after  a  period  of  shut-down  for  cleatiing  or 
repaiiB  it  should  be  in  active  uperation  for  one  or  more  days, 
running  on  fuel  of  the  same  characteristics  and  size^  with  the 
same  depth  of  fuel  bed,  the  same  skill  of  attendance  be  regards 
the  charging  or  feeding  of  fresh  fuel  and  the  removing  of  slag, 
and  under  the  same  load  conditions  that  will  obtain  during  the 
test. 

26.  During  the  trial  the  producer  should  be  charged  and  poked 
as  nearly  in  accordance  with  the  requirements  for  attendance  as 
possible.  The  level  of  fuel  charged  must  be  the  same  at  the  be- 
ginning and  at  the  end  of  the  tests  and  should  be  kept  constant 
during  the  triah  About  half  an  hour  before  starting  and  before 
stopping  a  test,  the  slag  and  ashes  should  be  removed. 

If  it  is  impossible  to  rake  out  the  ashe^  during  the  operation  of 
the  producer,  the  plant  must  be  shut  down  immediately  after 
stopping  the  test,  the  ashes  must  be  taken  out  at  once  and  the 
producer  refilled  up  to  the  same  le%'el  that  existed  when  starting 
the  test.  The  weight  of  fuel  used  for  this  purpose  must  be  added 
to  the  consumption. 

27*  The  fuel  consumed  during  the  trial  must  be  weighed, 
also  the  fuel  which  has  not  been  burnt  and  remains  useful;  that 
is,  that  portion  which  drops  down  from  above  the  grate  while 
raking  out  the  ashes,  and  that  which  b  culled  out  from  the  ashes 
as  unburnt.  The  weight  of  the  former  may  be  deducted  from 
the  conBumption,  but  not  the  amount  which  is  taken  out  from 
the  ashes,  nor  the  coal  dust  which  accumulates  in  the  scrubbers 
and  in  the  flues  between  the  producer  and  the  engine. 

28.  To  be  able  to  determine  the  quantity  of  ash  and  slag 
produced  during  the  trial,  the  ash  box  must  be  emptied  before 
the  test.  If  this  is  not  possible,  as  when  an  inclined  grate  is 
used,  the  refuse  in  the  ash  box  must  be  equalized  before  and  after 
the  run. 

29.  The  Stand-by  losses  during  intervals  of  shutting  down 
at  day  and  night  must  be  determined. 

30.  In  order  to  get  a  representative  sample  of  the  solid  fuel, 
the  following  course  may  be  pursued:  Of  ever>'  carload,  basket, 
or  other  measure  of  fuel,  put  a  shovelful  into  a  covered  receptacle* 
Immediately  after  the  test  is  over,  the  contents  of  the  receptacle 
should  be  broken,  mixed,  spread  and  quartered  by  drawing  the 
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two  ctiagonals  of  a  square.  The  two  opposite  qtiattem  aie 
jeeted,  the  two  otheiB  broken  up  finer,  mixed  and  quarte: 
&tid  the  two  opposite  quarters  rejected.  This  is  eontinijed  uni 
a  sample  of  some  10  to  20  pounds  remainSp  which  is  preserv 
ia  well-closed  receptacles,  for  analjirsis.  In  addition  to  this  a 
number  of  other  samples  must  be  put  away  in  air-tight  receptacles 
for  use  in  determiuitig  the  contents  of  moist ute  in  the  fuel. 

31.  The  composition   of  the   fuel   shalJ   be  determined  by 
chemical  analysis.     Its  contents  in  carbon  (C),  hydrogien  (H), 
ox}*gen  (O),  sulphur  (S),  ash  (A),  and  water  (W)  must  be  gi 
in  percentage  of  weight  referred  to  the  original  fuel-    The  co 
tents,  in  the  fuel,  of  nitrogen  (N)  can  be  disregarded.     The  be- 
havior of  the  fuel  when  being  heated  should  be  determined  b; 
a  coking  teat. 

32,  The  calorific  value  of  the  fuel  must  be  determined  by 
calorimetrie  anahsis.  An  approximate  determination  of  the 
beating  value  can  be  made  on  the  basis  of  the  chemica]  analysis 
by  employing  Dc  Liong's  formula: 

Heating  value  =  145  C  +  522.3  Th  -  |^  +  40  S  -  9,66  W 

in  which  C,  O,  H,  8,  and  W  are  expressed  in  weight  per  cent 
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33,  Kind,  number,  and  duration  of  trials  to  be  agreed  upot 
according  to  the  general  regulations  Nos.  1  to  8. 

34.  The  constructive  features  and  operative  conditions 
the  engine  nuiet  be  so  illustrated  in  the  report  as  to  enable  oik 
to  form  a  correct  idea  of  the  manner  of  working  and  of  the 
suits  of  operation*  Especially  important  are  the  ty|>e  ani 
capacity  of  engine,  diameter  of  cylinder  and  piston-rod,  pistol 
stroke,  contents  of  clearance  spare,  and  other  essential  dimen- 
sions; the  normal  rate  of  revolution  and  the  admissible  fluctua- 
tions; kind  and  heat  value  of  ftiel  for  which  the  engine  is  intended- 
The  diameter  of  the  cylinder  and  the  stroke  should  be  actually 
measured  if  this  is  possible. 

The  ccm tents  of  the  compression  space  are  preferably  c 
mined  by  filling  with  waten  If  it  is  impossible  to  etat( 
cubical  contents  of  the  compression  spacei  then  the  compressic 
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pressure  at  full  load  should  at  least  be  given.    This  is  done  by 
taking  an  indicator  card  while  the  ignition  is  interrupted. 

35.  Before  making  the  test  the  engine  must  be  examined 
internally  and  extemaHy  as  to  whether  or  not  it  is  in  good  work- 
ing order. 

36.  The  number  of  revolutions  of  the  engine  should  be  deter- 
mined by  a  continuous  speed  counter,  the  records  of  which  must 
be  noted  at  certain  intervals,  and  must  be  checked  or  corrected 
from  time  to  time  by  direct  readings.  If  the  speed  conditions  of 
the  engine  are  to  be  investigated  it  is  essential  to  determine  the 
following  items: 

(a)  The  number  of  revolutions  under  constant  conditions  ^t 
maximum  load  and  at  no  load. 

(6)  The  fluctuations  in  speed  at  constant  load. 

(c)  The  temporary  change  in  the  number  of  turns  when  the 
load  is  suddenly  decreased  or  increased  from  a  given  constant 
load  by  a  prescribed  amount.  These  determinations  can  be 
executed  with  apparatus  of  the  character  of  the  Horn  tacho- 
graph. The  fluctuations  of  speed  during  the  performance  of  one 
engine  cycle  above  and  below  the  mean  value,  expressed  in  parts 
of  the  latter,  should  be  determined  by  calculation  unless  other- 
wise provided. 

The  coefficient  of  fly-wheel  regulation  is 


>  /  ^  max.        -tV  min.  \ 
\^^  max.    I    * ''  min./ 


2 


where  N  =  number  of  revolutions. 

37.  The  useful  output  can  be  determined  either  by  brake  test 
or  by  electrical  measurement. 

The  dimensions  and  weight  of  the  brake  should  be  determined 
before  the  trial. 

The  electrical  measurements  can  be  made  on  a  generator 
directly  coupled  to  the  gas  engine.  The  useful  work  is  com- 
puted from  the  output  of  the  dynamo.  The  efficiency  of  the  gen- 
erator should  be  determined  by  one  of  the  methods  as  laid  down 
in  the  "  Rules  for  Judging  and  Testing  Electrical  Machinery  and 
Transformers,"  published  by  the  association  of  German  electrical 
engineers.     If  the  efficiency  is  found  approximately  by  measuring 
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the  determinable  kisses,  then  an  adequate  amount  (say  2  per 
cent  of  the  full  load  output)  roust  be  allowed  for  losses  not 
accounted  for. 

The  apparatus  with  which  the  electrical  meaaiinements  are 
executed  must  be  calibrated  before  and  if  possible  alsti  after  the 
test, 

WTiether  anything  besides  the  2  percent  above  allowed  should 
be  credited  to  the  gas  engine  for  increajsed  bearing  friction  and 
windage  of  the  generator  must  be  settled  in  each  individunJ 
case. 

Whether,  in  case  the  useful  output  can  neither  be  determiDed 
by  brake  test  or  by  electrical  measurements,  the  code  provision 
for  testing  steam  engines  can  be  admitted  as  correct  for  gas 
engines,  namely*  to  designate  the  useful  output  as  the  difference 
between  the  indicated  work  at  any  load  and  the  indicated 
work  at  no  load,  cannot  be  settled  at  the  present  state  of 
development,  since  results  of  accurate  investigations  are  not  yet 
available, 

lis.  Indicators  must  be  connected  immediately  to  the  eom- 
bmtion  chamber  without  employing  long  pipif^  with  sharp 
bends,  and  one  indicator  must  be  provided  fi:ir  everv^  cnnibustion 
chamlDer.  Vov  this  purp*jse  each  compressicm  chamber  must 
have  an  opening  for  three-quarter  or  one  inch  Whit  worth  thread. 
The  same  holds  tnjc  for  pump  cylinders. 

The  indicators  and  their  springs  must  be  calibrated  before  and 
after  the  test  according  to  the  accepted  standards. 

39.  During  the  test,  cards  should  be  taken  quite  frequently 
from  every  combustion  chamber  and  from  the  pump  cylinders. 
The  cards  should  be  designated  by  numbers,  and  the  time  when 
each  card  wtm  taken,  the  scale  of  springs  used  and  the  numlier 
of  single  can  is  obtained  must  be  recorded  on  the  cards.  At  least 
five  diagrams  should  be  taken  on  one  card  successively.  From 
time  to  time  diagrams  indicated  with  a  weak  spring  should  be 
taken  from  the  combustion  chambei^. 

The  indicated  work  at  no  load  should  be  determined  imme- 
diately after  stopping  the  main  test  and  while  the  engine  is  stilJ 
warmed  up  ready  for  operation.  Care  mtist  be  taken  that  the 
no-load  cartls  are  not  taken  during  an  acceleration  or  during  a 
ret  a  relation  jieriod  of  the  fly- wheel* 


^ 


METHODS  OF  TESTING  GAS  ENGINES 


521 


ANALYSIS  OF  THE  GAS  GENERATED  IN  A  PRODUCER-GAS  PLANT  OR 
CONSUMED  IN  AN  INTERNAL  COMBUSTION  ENGINE,  OR  OF  THE 
LIQUID    FUEL   USED 

40.  The  samples  for  the  chemical  analysis  of  the  gas  must  be 
taken  during  the  trial  at  regular  intervals  and  as  frequently  as 
ixjssible. 

They  must  be  either  analyzed  on  the  spot  of  preserved  in 
glass  tubes  closed  by  melting  the  ends.  The  analysis  is  to  deter* 
mine,  in  per  cent  of  volume,  the  contents  of  the  gas  in  carbon 
monoxide  (CO),  carbon  dioxide  (COJ,  hydrogen  (H^),  marsh 
gas  (CHj),  heavy  hydmcarbous  and  oxygen  (Oj). 

In  addition  it  is  recommended  to  determine  the  contents  of 
sulfur.  The  gm  samples  should  be  taken  from  the  gas  main 
between  the  cleaning  apparatus  and  tiie  engine. 

41.  The  heat  value  of  the  gas  should  te  determined  as 
often  as  possible  by  calori metric  analysis,  and  the  burner  of  the 
calorimeter  should  be  fed  from  tlie  gas  main  without  inter- 
rupt i(m«  In  suction  producer  plants  this  can  be  done  by 
means  of  a  gas  pump  drawing  from  the  main.  If  conditions 
should  make  it  necessary  that  a  sample  be  taken  from  the 
pi {36  while  the  calorimeter  is  shut  off,  such  sample  to  be 
later  transferred  to  and  burned  in  the  calorimeter,  then  the 
quantity  of  giis  so  taken  should  not  be  less  than  300  liters 
(10.59  cubic  feet),  in  order  that  the  calorimeter  may  at  fiiBt 
be  brfuight  into  the  condition  of  stability  m  regards  the  water 
of  combustion,  and  in  order  that  at  least  100  litei^  (3.53 
cubic  feet)  remain  available  for  two  successive  analyses.  The 
suction  pump,  the  gfis  holder  and  the  piping  must  be  made 
tight  with  special  care  when  making  a  calorimeter  analysis  of 
suction  gas. 

42.  The  gtis  meter  of  the  calorimeter  in  which  the  heat  value 
of  the  gas  is  determined  must  be  calibrated.  For  determining 
the  temperatures  of  the  calorimeter  water,  imly  thermometers 
with  calibration  certificates  or  others  compared  with  such  should 
be  u.se<l.  The  scales  nuiat  be  divided  at  least  into  tent  lis  of  a 
degree. 

On  the  basis  of  the  chemical  analysis  the  heating  value  per 
standard  cubic  foot  of  gases  which  do  not  contain  heavy  hydro- 
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carbons    can    be    computed  from   the    folloxving    formula,  if  a  J 
calorimetric  analysis  cannot  be  made 

Heating  Value  -  3,42  CO  +  2.97   H,  +  9.52  CH, 

where  CO,  H,  and  CH^  are  expressed  in  volume  per  cent, 

43.  The  quantity  of  gas  produced  or  consumed  shmiM  b&| 
measured  by  means  of  a  gas  holder  or  a  gas  meter     The  cross- 
Beetional  area  of  the  hoUler  should  be  determined  by  measurp- 
ment  of  its  circumference  at  several  places?,     Cnnsumptifrn  ttNSta^ 
with  the  gas  holder  shall  not  be  made  white  the  latter  is  exposed  ^ 
to  the  sun- 

44.  The  gas  meter  must  be  calibrated  and  set  level;  it  must  be^ 
so  filled  that  the  water  level  eorrespands  to  the  normal  filling 
existing  during  calibration.       Ifctween  the  gas  meter  and    the 
engine  a  pressure  regulator  must  be  installed  or  a  large  suclion, 
Bpace  provider!  so  that  the  water  level  shows  only  small  pulsations^ 
during  the  pressure  fluctuations. 

45.  At  intervals  corresixmding  to  the  duration  of  test  the, 
following  readings  should  be  taken:  Position  of  the  bell  of  thol 
gi*s  holder  at  tlirce  places  or  the  recortls  shown  Ijy  the  gas  meter; 
the  pressure  in  the  l>ell  or  in  the  gfis  meter;  the  temperature  of 
the  gas  when  entering  and  when  leainng  the  gas  holder  or  the 
gas  meter  and  before  reaching  the  engine;  the  barometric  pressupe. 

46.  If  (he  temperature  of  the  gas  is  cUfferent  when  mciiayring  , 
the  consumption  than  when  measuring  the  heat  value ,  the  com-l 
put  at  ion  must  also  take  into  account  the  increase  of  volume  ( 
which  is  due  to  the  moisture  contents  of  the  gas  at  higher  tem- 
peratures. 

47.  The  consumption  of  liquid  fuel  must  be  (letermined  either 
by  weight  or  by  measuring  its  volume.  For  tieterniining  heat 
value,  composition »  and  specific  weight  of  the  fuel  one  represent  a* 
tive  average  sample  is  sufficient. 

48.  When  measuring  the  fuel  consumption  of  internal  cfun- 
bust  ion  engines,  the  consumption  of  lubricating  oil  for  the  cylinder 
should  l:>e  determined  at  the  same  time- 

49.  If  the  consumption  at  low  h)acls  of  a  doubIe*acting  tan- 
dem or  t^in  engine  Is  to  be  determined,  it  is  not  allowable  to  shuti 
off  the  gas  from  one  or  more  ends  of  the  cyl indent,  provided  (hat 
no  other  arrangements  have  been  previously  agreed  upon  and 
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are  mentioned  in  the  report,  or  that  the  governor  acts  automati- 
cally in  the  way  described, 

EXPI^%  NATIONS  TO   VARIOUS   ARTICLES    OP  THB   CODE 

The  main  code  is  followetl  by  a  number  of  explanations  from 
which  the  following  extracts  are  taken.  The  figures  refer  to  the 
para^aphs  of  the  above  code. 

1  &2 

In  moat  cases  only  one  or  two  of  the  objects  of  test  mentioned 
are  taken  into  account  in  any  given  trial.  If  in  any  exceptional 
case  the  object  of  the  test  should  not  be  any  of  thitae  mentioned, 
it  should  be  a  simple  matter  to  adapt  the  nUes  given. 

Under  2  (c)  the  term  horse-power  hour  is  used.  It  is  essential 
that  in  any  given  trial  this  term  Ijc  more  closely  defined,  as  horse- 
power may  mean  indicated  brake,  or  even  horse-power  developed 
by  pumps. 

4 

It  is  extremely  desirable  that  the  contract  state  the  time 
allowed  the  manufacturer  for  adjustment  and  triiil  mns,  because 
his  own  interests  may  rniike  him  call  sometimes  for  a  long, 
sometimes  for  a  short  period.  In  the  case  of  a  small  engine, 
more  or  less  a  commercial  stork  machine,  he  may  wish  to  have 
the  period  as  short  as  po.ssiblc,  and  this  tlie  buyer  may  agree  to 
without  danger  of  loss  to  himself,  If^  however,  the  machine  is 
of  a  special  type,  or  one  provided  with  special  attachments,  it  is 
but  a  matter  of  justice  to  allow  the  manufacturer  a  reasonable 
time  in  w^hich  to  break  in  the  engine  and  to  give  him  an  oppor- 
tiuiity  to  correct  any  im jierfect ions  that  may  appear.  It  is  to 
the  interest  of  the  buyer  to  grant  such  a  period  in  order  to 
become  familiar  with  the  machine  before  taking  over  the  entire 
rcspcynsibility  of  opcnitrng  it.  It  is  also  true  that  many  faults 
appear  only  afler  some  weeks  of  operation. 

On  the  other  hand,  too  long  a  period  of  adjustment  is  in  many 
cases  nor  acceptable  to  the  buyer,  because  any  extended  work  of 
impravement  usually  seriously  hampers  operation;  and  l>ecause 
in  many  cases  he  desires  an  operative  machine,  which  no  longer 
tB<|uires  the  care  of  the  mnmifacturer,  as  soon  as  pt^ssible. 

It  fiequently  happens  that  no  acceptance  test  is  agreed  upon. 
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In  such  C3sm  it  sometimes  happens  that  the  buyer  comes  bai;k 
upon  the  manufacturer  for  faults  which  did  Dot  develop  until 
the  machine  had  been  in  operation  some  time* 

If  the  manufacturer  then  agre^  to  an  investigation  or  a  test, 
a  sufficient  period  should  be  given  him  to  make  any  investigatic 
he  sees  fit  or  to  correct  any  imperfections  that  may  have  appear 
before  the  decisive  trial  or  investigation  is  made.  This  sometime 
leads  to  a  simple  settlement  of  the  matter  in  that  the  manufac- 
turer discovers  that  ignonince  or  carelessness  on  the  part  of  the 
operator  have  caused  the  imperfections  complained  of.  The 
granting  of  such  a  period  also  guards  the  buyer  against  any  late 
claim  of  the  manufacturer  that  during  the  trial  the  machine  w: 
not  in  the  condition  in  which  he  delivered  it. 


Preliminary  tests  are  always  desirable,  but  not  absolutely 
necessary.  The  cost  of  any  kind  of  investigation  is  usually  quite 
.high  and  of  course  the  cost  increases  directly  with  the  time. 
The  expert  called  will  therefore  make  such  tests  when  they 
to  him  essentiaJ.  But  the  manufacturer  should  have  the 
to  call  for  the  time  necessary  for  such  trials  if  he  is  to  presen 
the  machine  in  its  best  condition, 

6 

It  cannot  be  denied  that  eight  hours  is  a  rather  short  time, 
because  it  is  extremely  difficult  to  detcnnine  wliether  the  pro- 
ducer is  in  the  same  condition  at  the  end  as  at  the  beginning  of 
the  test^  and  because  this  uncertainty  may  lead  to  lai^e  errors. 
On  the  other  hand  it  is  unquestionable  that  in  many  eases  a  lon^^er 
time  would  call  forth  so  many  difficulties  in  operation  that  eight 
hours  would  seem  the  necessary  limit. 

The  rule  Is  mainly  framed  to  prevent  trials  of  so  short  dura- 
tion that  serious  errom  can  hardly  be  avoided,  but  it  leaves  it 
to  the  judgment  of  the  experimenter  whether  h>  make  the  te^\i 
longer  than  eight  hours  where  it  seems  desirable  and  is  possible 
to  do  so. 

7 

Intermediate  readings  are  recommended  without  qualification* 
since  they  form  the  best  criterion  of  the  constancy  of  conditions. 


METHODS  OF  TESTING  GAS  ENOiNES  £25 

With  liquid  or  gas  fuels  of  constant  compositioD,  individual 
readings*  every  five  minutes  apart  sometimes  show  no  variation 
for  hours  at  a  time.  In  such  a  ease  it  is  useless  to  eJrtend  the 
time  of  the  trial, 

S 

In  determining  the  mechanical  efficiency  of  an  engine  it  should 
not  be  forgotten  that,  although  the  averjige  load  may  be  con- 
stant, there  may  be  speed  variatious  due  to  the  inevitable  in- 
equality of  the  indicator  diagrams,  so  that  during  some  cycles  work 
is  done  in  accelerating  the  fly-wheel,  while  during  othei-s  the  fly- 
wheel by  retardation  gives  up  some  of  its  kinetic  energy. 

To  minimize  any  error  that  this  may  introduce  into  the 
determination  of  the  mechanical  efficiency,  at  least  ten  diagrams 
should  ba  taken. 

If  the  conditions  are  otherwise  constant,  however,  it  is  not 
necessary  to  spread  these  diagrams  over  any  considerable  period 
of  time. 

It  is  self-evident  that  during  the  time  of  taking  the  diagrams 
the  supply  of  hibricating  oil  must  not  be  increased. 

Changes  in  the  mechanical  efficiency  of  the  engine,  as  for 
instance  those  due  to  fouling,  cannot  be  detected  with  certainty 
even  by  a  long  test  period;  they  became  noticeable  usually  only 
after  a  period  of  operation  extending  over  two  weeks.  The  de- 
termination of  the  mechanical  efficiency  of  an  engine,  after  con- 
stant conditions  of  o|i»eration  are  attained,  therefore  only  applies 
to  the  engine  in  its  then  existing  state  or  condition. 

The  number  of  iliagrams  to  be  taken  on  one  card  cannot  be 
definitely  stated.  On  account  of  variation  in  the  diagrams, 
which  ia  less  at  !ugh  than  at  low  loads,  care  should  be  had  not  to 
take  too  few.  On  the  other  hand  it  is  usele^  to  take  more  than 
can  be  clearly  distinguished.  The  running  together  of  a  larger 
number  of  diagrams  only  makes  their  evaluation  more  uncertain. 

10 

In  considerat  ion  of  unavoidable  errors  of  observation,  possible 
errors  of  the  instruments  used,  etc,  it  is  meet  and  usual  to  allow 
a  certain  margin  between  the  figures  found  on  trial  and  those 
guaranteed.  In  the  steam  engine  code  5  per  cent  is  alhiwed  for 
this,  and  it  seems  reasonable  to  iissume  the  same  figure  in  this 


J fc^ 
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case.     Only  in  one  point,  in  the  guaranteed  normal  capacityj 
does  the  gas  engine  caJl  for  an  exception. 

A  ^iven  steam  engine  gives  its  nifjst  ccononucal  rcsnits  at 
certain  cut-off »  but  a  higher  capacity  can  always  be  obtained 
the  expense  of  a  little  economy,  that  is,  a  bu^^er  is  ceifain  tha 
even  a  machine  sliglitly  too  small  will  give  him  sufficient  ca 
pacity.  A  gaa  engine,  on  the  contrary,  works  with  the  great c 
economy  at  its  maximum  load.  It  is  to  the  interest  of  the  buyer 
thei^fore,  toget  an  engine  exactly  suited  to  hm  needs  and  nfit  hj 
choose  it  too  large.  It  is  possible  for  the  same  reason  that  any 
engine,  if  lacking  slightly  in  guaranteed  capacity,  may  become 
absolutely  useless  to  the  buyer.  For  these  reasons  it  was  thought 
advisable  not  to  grant  the  manufacturer  any  leeway  whatever, 
as  regards  guaranteed  capacity. 

It  is  clear,  therefore,  that  the  manufacturer  must  take  upon 
himself  any  possible  inaccuracies  in  the  measni^menls,  unJess  h&j 
can  show"  them  up  an  (J  demand  a  new  triah  For  that  reajson  it 
well  for  him  to  make  his  guarantee  a  little  on  the  safe  side  of  wha 
he  knows  his  engine  is  capable  of  developing.  On  the  other  bandj 
there  is  no  harm  done  tn  the  interest  of  the  buyer  if  the  manU'j 
facturer  underrates  the  normal  capacity  of  liis  machine,  Ijeeausel 
the  former  will  always  call  for  an  engine  of  a  certain  nonDal 
capacity  to  suit  his  needs.  If  he  fails  to  do  this,  but  places  his 
dependence  in  the  guaranteed  maximum  capacity,  he  is  open  to 
the  charge  of  carelessness. 

Since  during  acceptance  tests  it  is  often  not  pcssible  to  keep 
the  load  quite  constant,  it  became  necessary,  following  the  steam' 
engine  code,  to  allow  a  certain  amount  of  variation,  within  which, 
no  just  cause  could  be  found  for  objection  to  the  triah  Ther 
are  cases  where  the  variatiors  occurring  ai-e  much  greater,  iis' 
when  a  gas  engine  is  used  for  driving  a  roll  train.  But  no  one 
set  of  ** Rules"  can  possibly  take  into  account  all  such  extreme 
cases,  and  in  such  instances  the  contract  shoultl  contain  the 
necessary  agreements  to  make  any  teat  clear  and  iim  from  j 
sequent  objections. 

The  wish  has  been  expressed  from  several  quart  en?,  that 
'* Rules"  should  contain  a  definition  of  the  term  **  Normal  Ca- 
pacity,"    On  account  of  the  pecuUarityof  the  g»s  engine  aboii 
discussetl  this  is  not  quite  feasible.     But  the  terra  *'  Maximun 
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Continuous  Capacity"  perhaps  defines  most  nearly  what  is  in- 
tended in  most  cases. 

14 

It  is  sometimes  the  case  that  the  heating  value  of  the  stand- 
ard cubic  foot,  that  is,  reduced  to  32  degrees  Fahrenheit  and 
760  mm.  barometer,  is  so  greatly  different  from  the  actual  value 
of  the  gas  as  used,  that  any  contract  which  contains  only  the 
heating  value  of  the  gas  stated  on  that  basis  does  not  convey 
much  meaning  to  the  non-technical  buyer.  If  for  instance  a 
given  gas  has  a  heating  value  of  135  B.  T.  U.  per  standard  cubic 
foot,  its  effective  heating  value  at  a  high  altitude  and  in  a  warm 
climate,  say  at  68  degrees  and  620  mm.  barometer,  will  only  be 
about  100  B.  T.  U.  per  cubic  foot.  To  obviate  any  misunder- 
standing, it  should  be  clearly  stated  that,  when  the  "effective" 
heating  value  of  the  gas  is  not  definitely  specified,  the  heating 
value  at  32  degrees  Fahrenheit  and  760  mm.  barometer  is  meant. 

19 

By  "full"  load  is  meant  thfe  normal  capacity,  as  per  para- 
graph 10. 

23 

For  acceptance  tests,  and  all  other  tests  which  are  intended 
to  decide  any  disagreements  between  manufacturer  and  buyer, 
such  examination  should  be  carried  out  in  the  presence  and  with 
the  aid  of  the  former,  as  already  mentioned  under  paragraph  4. 

24-26 

In  all  gas  producer  tests  it  is  hardly  possible  with  certainty  to 
have  all  conditions  exactly  the  same  at  the  end  as  at  the  begin- 
ning. But  since  any  difference  in  the  beginning  and  end  con- 
ditions may  lead  to  considerable  error,  which  can  only  be 
equalized  by  excessive  length  of  test,  the  "Rules"  are  intended 
to  operate  to  the  end  that  such  errors  are  not  in  any  way  magni- 
fied by  the  method  of  test.  Hence  the  detailed  statement  in  the 
regulations. 

27 

Since  in  actual  operation  the  fuel  in  the  ash  or  the  coal  dust 
in  the  gas  mains  are  hardly  ever  utilized,  no  correction  should 
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be  made  for  these  on  any  trial.     In  order  to  prevent,  however, 

that  the  results  aw  influenced  by  insufficient  cleaning  of  (he 
producer,  any  fuel  which  falls  out  from  above  the  grate  dur- 
ing the  cleaning  period  may  be  subtracted  from  the  amount 
chained, 

35 


See  explanation  under  23. 


37 


A  brake  test  of  a  Is^rge  engine  is  in  some  instances  not  possible, 
and  in  any  case  a  matter  of  eonsidemble  cost.  In  many  cases, 
however,  the  larger  gas  engines  are  either  direct  connected  to  a 
generator  or  t(j  some  other  power  consumer,  as  a  blowing  cylinder 
In  the  former  case  electrical  measumments,  from  which  the 
effective  hoise-power  may  be  determined,  are  easily  made.  In  the 
hitter  case  the  capacity  guarantee  w4ll  in  most  instances  be  based 
upon  the  performance  of  the  power  consumer,  aB  for  example 
the  air  comprefssefl  by  the  blowing  cylinder.  Outside  of  engines 
of  this  type.t  however,  there  still  remain  many  cases  in  which  it 
would  be  of  the  utmost  value  to  have  some  means  of  determining 
the  effective  capacity,  and  it  should  not  be  forgotten  that,  e%^n 
in  the  ease  of  medium-sized  machines,  a  braking  of  the  engine  at 
t  he  place  of  erection  is  often,  on  account  of  local  restrictions,  very 
diificrdt.  The  problem  has  been  solved  for  steam  engines  by 
assuming  that  the  differenc^e  between  the  indicated  hnnse-power 
at  any  load  and  the  indicated  horse-power  at  no  load  is  the  effec- 
tive or  useful  horse-powen  It  is  quite  possible  that  in  many 
cases  this  Ls  not  quite  correct,  but  the  method  is  very  generally 
accepted  and  follow^ed. 

On  account  of  the  great  overload  capacity  of  the  steam  engine, 
a  small  error  in  this  respect  does  not  mean  a  great  deah  But  the 
case  of  the  gas  engine  is  quite  different.  The  data  on  hand  does 
not  warrant  the  application  of  the  same  method  to  the  gas  engir\e, 
and  the  consequences  of  an  erroneous  conclusion  are  much  more 
serious  on  account  of  the  lack  of  overload  capacity. 

For  these  reasons  one  is  compelled  in  some  eases  to  omit  the 
determination  of  the  effective  capacity  altogether  and  to  be  con- 
tent with  the  determination  of  the  indicated  power  only.  It  is 
recommended  in  such  cases  that  the  mechanical  efficiency  be  not 
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assumed  too  high  and  that  any  guarantees  regarding  fuel,  etc., 
also  be  based  upon  the  indicated  horse-fKJwer* 

It  is  sometimes  possible  to  brake  an  engine  on  the  test  floor 
of  the  factory.  The  mechanical  efficiency  may  thus  l>e  previously 
determined  when  it  is  known  that  no  brake  test  can  be  made  in 
the  final  place  of  erection, 

39 

The  number  of  diagrams  to  be  taken  during  any  given  test 
cannot  be  definitely  specified.  Much  depends  upon  the  length 
of  test,  and  the  decision  may  be  left  to  the  judgment  of  the 
ex  peri  Reenter, 

It  is,  however,  always  recommended  that  a  bundle  of  diagrams » 
instead  of  only  one,  be  taken  on  every  card.  Thus  a  series  of 
diagrams  are  obtained,  while,  if  only  a  single  diagram  is  taken,  it 
is  possible  to  hit  upon  the  same  diagram  in  the  series  a  number 
of  times,     (See  under  extract  8,) 

The  work  of  fluid  friction,  that  is,  the  lower-loop  diagram, 
cannot  be  determined  with  certainty  from  the  full  indicator 
cards.  It  is  i>est  for  that  reason  to  ignore  the  loop  when  deter- 
mining the  p<isitive  work  and  to  find  the  negative  work  from  special 
weak  spring  diagrams* 

48 

The  measurements  of  the  quantity  of  lubricating  oil  use*!  is  of 
importance  in  smaller  engines,  because  t  be  fuel  consumption  can 
be  favorably  influenced  by  a  copious  supply  of  the  lubricant. 

49 

If  under  low  loads,  onl}^  one  end  of  the  cylinder  is  allowed  to 
work,  the  fuel  consumption  would  be  much  lower  But  since 
this  is  not  generally  done  in  oj>eration,  the  results  wouhl  l>c 
erroneous.  If,  however,  the  governor  during  oi>erution  shuts  off 
the  individmd  cylinders  or  cylinder  ends,  as  the  load  drops*,  tliis 
is  of  course  also  permissible  during  a  test. 


CHAPTER  XVII 


THE   PERFORMANCK    OF   GAS    ENGINES    AND    GAS    PRODUCERS 


1.  As  indicated  in  the  rules  for  testing,  the  very  great  ma 
jority  of  tests  of  engines  are  made  to  determine  eapacity  and  fuel 
consumption.  In  some  sjDeeial  eases^  as  with  engines  driving 
generator^!,  tests  are  also  sometimes  made  of  the  regulation. 
These  three  tests  together  take  care  of  what  may  be  termed  the 
commercial  side  of  testing.  All  other  tests  ai^e  special  in  that 
they  are  not  often  executed  in  an  accept  a  nee  test,  but  form  it 
most  cases  the  object  of  scientific  or  hiboratnry  investigation. 

Such  investigationa  are  in  many  instances  very  valuable,  andl 
have  served  to  throw  a  flood  of  light  on  the  somewhat  complex 
cylinder  actions  of  the  internal  combustion  engine.  It  was  thus 
ftnind  that  the  temperature  oi  the  cylinder  walls,  i.e.,  the  cooling 
water  conditions,  piston  speed,  ignition,  proportion  of  mixture, 
compression,  etc,  all  had  a  more  or  le.ss  marked  efifect  upon 
engine  performance.  In  the  folhiwing  the  results  obtained  and 
the  conclusions  drawn  by  various  experimenters  concerning  the 
effect  of  these  various  factors  are  briefly  set  forth. 

The  main  bulk  of  tins  work  has  l^een  done  by  Witx  in  FranceJ 
Hlaby  and  E,  Meyer  in  Germany,  and  Buretall  and  others  in  Eng-^ 
land.     In  spite  of  the  fact  that  none  of  these  investigations  ar 
open  to  serious  objection  on  the  score  of  inaccuracy,  the  con- 
clusions arriv^ed  at  are  not  always  in  accord.     This  is  undoubtedly, 
due  to  the  complexity  of  the  cylinder  actions,  and  the  inter 
de]jendence  of  the  various  factors  entering  the  problem, 

2.  Cooling  Water  ConditioDS  and  Piston  Speed.  —  It  is  rea- 
sonable to  suppose  that  tlie  higher  the  wall  tenij^erature  of  tlie 
cylinder,  i.e.,  the  smaller  the  temperature  difference  Ijetween 
mixture  and  wall  and  the  greater  the  piston  speed,  cutting, 
down  the  time  of  exposure,  the  smaller  the  loss  to  the  jacket. 

The  heat  thus  saved,  however,  may  go  in  two  directions:  eithel 
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a  greater  thermal  efficiency  is  shown,  resulting  in  greater  power 
developed  for  the  same  expenditure  of  beat,  or  the  heat  saved 
from  going  into  the  jacket  is  lost  in  the  exhaust, 

Witz.  upon  the  ba^sls  of  his  experiments,  comes  to  the  former 
conclusion^  and  says  ''The  action  of  the  jacket  L^  the  great  regu- 
lalor  of  combustion  phenomena.**  He  summarizes  his  results  as 
foUowa: 

1.  The  efficiency  increases  with  the  piston  speed  and  with  the 
temperature  of  the  surrounding  walls. 

2-  The  combustion  of  explosive  mixtures  is  the  more  rapid 
the  greater  the  speed  of  expansion  and  the  hotter  the  cylinder 
walls. 

The  work  of  Slaby  and. of  Meyer,  however,  seems  to  contro- 
vert these  conclusions.  8ome  of  Shi  by 's  tests  show  that  while 
the  gas  consumption  per  horee*power  hour  decreases  somewhat 
with  an  increase  in  the  piston  speed,  there  is  an  increase  in 
the  consumption  witli  a  rise  of  jacket  water  temperature.  The 
following  table  of  figures,  quoted  by  Schottler  from  some  of  Meyer's 
tests,  ihust rates  the  jx>int  that  the  heat  saved  from  the  jacket 
by  higher  piston  speed  may  go  to  the  exhaust,  leaving  the  ther- 
mal return  practically  unaffected. 


Ratio  of 

R.  P.  M, 

Mkan 

ErrpxT 

IVE 

Ratio 
Alt  toGm 

CHAlCiE 

WOXE 
tinN£   MV 

iB;rx\ 

Ekiiaust 

Heat  DuTitnt/TtoN 

No.  1 

B.T.U. 

PtLbi. 

^F 

Work 

Jadtrt 
Wiier 

EihiiuM 

2.67 

2.67 
432 
4.32 

187 
247 
m7 
247 

51.7 
69  3 
65.2 

7J1 

7.a5 

7,43 
7.40 

18.5 
17.4 

17.0 
16.S 

140 
141 

190 

1022 

1137 
8*17 
992 

18.0 
18.1 
24.4 
23.7 

51.2 
45.6 
53.8 
40.5 

30,8 
345.3 
21.8 
26.8 

In  tests  of  thLs  kirid  there  are  one  or  two  simultaneous  actiouB, 
not  direct Jy  under  control,  which  may  serve  to  modify  the  final 
result  and  account  in  a  measure  for  the  discrepancy  appearing 
in  the  results  above  discussed.  An  increase  in  the  temperature 
of  the  walljs  or  an  incretuse  in  the  piston  speed  both  cause  a  de- 
cease in  the  charge  volume,  the  former  by  heating  the  incoming 
charge  and  decreasing  the  deasity  of  the  mixture^  the  latter  by 
increased  friction  loss  in  pipes  and  ports.    The  direct  result  of 
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this  is  that  the  effect  of  the  action  of  the  cyUnder  wall  upon  the 
leaner  charge  is  proportionately  greater.  Thua  the  beneficial 
effect  of  greater  piston  speed  may  be  partly  annulled  by  the 
relatively  stronger  action  of  the  walls.  Further  it  is  true  that  a 
smaller  charge  weight  means  a  lower  compression  pressure,  an<i 
the  comparatively  greater  admixture  of  burned  gases  at  high 
speeds  causes  a  less  rapid  combustion.  Both  of  these  actiona 
tend  to  decrease  the  efficiency.  There  are  thus  several  antago- 
nistic actions,  and  the  final  result  is  consequently  in  many  teases, 

_quite  problematical. 

the  net  result  of  an  increase  in  the  cylinder  wall  temperatnne ' 
or  of  the  piston  s{^ed,  or  both,  in  an  existing  machine,  is  cer- 
tainly  a   decrease   of   maximum   capacity   for   reasons    alreatly 
pointed  out.     Further,  the  effect  of  a  variation  in  the  temperature 
of  the  jacket  water,  while  [lerhajis  not  quite  so  marked  in  engines 
using  gas,  Is  certainly  quite  noticeable  in  liquid  fuel  enginea,] 
especially  those  using  kemsene  or  alcohoL     It  is  quite  possible 
in  kerosene  engines,  by  nuining  the  jacket  too  cold,  to  increase 
the  oil  consumption  seriously  by  condensation  of  the  oil  vapor  oii| 
the  comparatively  cold  cylinder  surfaces.     The  same  hnhls  true  ofl 
alcohol.     Thus  hot  walls  are  in  such  eases  of  undoubted  benefit* 
The  limits  to  temperature  are,  of  course,  on  the  one  hand,  de- 
crease of  engine  capacity;  on  the  other,  danger  of  pre-ignition. 

^      3»  Compressioii.  —  The   theoretical   effect   of  increasing  the  ^ 
compression,  and  the  commercial  limits  to  this  increase  have 
already  been  discussed  in  Chapter  IlL     Much  of  the  inc reuse dl 
efficiency  of  blast  furnace  and  pmducer  gas  engines  as  compared! 
with  illuminating  gas  and  liquid  fuel  engines  is  directly  due  to 
the  greater  compressions  that  the  former  fuels  can  stanch     The 
above  table  of  Meyer *s  results  gives  some  idea  of  the  gain  that 
can  be  made  with  illuminating  gas  by  increasing  the  compres8iom| 
With  a  compression  ratio  of  2.67,  the  average  thermal  efficiency 
was  18,D5  per  cent,  with  a  ratio  of  4.32  the  average  was  24,05  per^ 
24.05  -  IS  05 


cent,  a  gain  of 


18.05 


=  33  per  cent. 


Another  test  made  by  E.  Meyer  *  on  a  10  horse-powder  engine, 
which  was  oi>erated  with  illuminating  and  with  producer  gas,.| 
gave  the  following  results: 

♦  K  Meyer,  Z.  d.  V.  d.  I.,  July  5,  1902. 
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CoicPVfssiQN  Ratid 

biiiiCATZD  Thkbual  EmctKNCV 

Witb  UJiimiaattti^  Gu 

With  hroductr  Ga 

4m 

4,59 

27J 
26.5 
24J 

24.4 
23.2 
21,5 

Here  again  the  beneficial  influence  of  the  higher  compression 
ie  markeil,  although  the  gain  is  not  eo  great  m  in  the  former  easBf 
owing  to  the  smaller  change  in  the  compression  ratio. 

Other  instances  pointing  to  the  same  result  can  be  adduced 
without  difficulty.  8ee  the  next  table  below,  also  by  K  Meyer, 
who  has  done  an  immense  amount  of  work  in  the  investigation 
of  gas  engines.  Banki  took  advantage  of  the  principle  in  his 
gasoline  eiiginej  in  which,  by  iiBlng  water  injection,  he  could 
employ  compression  ratios  similar  to  those  used  in  producer  gas 
work  and  realized  thermal  efficiencies  fully  equal  to  those  realized 
by  the  leaner  power  gases* 

4,  The  Mixture.  —  The  inherent  advantage  of  the  use  of  lean 
mixtures  has  already  l>een  shown  in  Chapter  II L  Burstall  *  on 
the  basis  of  his  tests  for  the  British  Institution  of  Mechanical 
Engineers,  concludes  that  the  thermal  efficiency  depends  upon 
the  correct  choice  of  the  mixture,  and  that  the  ratio  of  air  to  gas 
should  increase  with  the  compression.  His  results,  however,  do 
not  definitely  warrant  the  latter  part  of  this  tieduction,  although 
it  finds  some  support  in  the  above-mentioned  tests  by  Meyer,  f 
as  shown  by  the  following  table: 


Tert  No. 

Ratia  AJt  id  Gat 

Gas  CotiBumption  Cu. 
Fl.perl.H.P.-boUf 

■i... 

3! 

6  J 

2.67 
3.23 
3.87 
4.32 

6.4X 
8.08 
6.38 
S.07 
5.93 
8.20 
6.00 
8.35 

27  J 
25.4 
22.6 
2L6 
20.6 
ISJi 
19.4 
17.9 

♦  Proceedings,  1898,  p.  209.  f  E.  Meyer,  Z.  d.  V.  d.  I..  1899,  p.  36L 
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This  table  shows  that,  whatever  the  ratio  of  compression^ 
gas  consumption  k  less  with  the  leaner  mixtures.    The  cause  foe 
this,  besides  the  theoretical  reason,  may  possibly  be  found  in  tt 
fact  that  with  leaner  mixtures  the  maximum  temperatures  in  the" 
cycle  are  lower  ihan  with  rich  mixtures,  always  assuming,  of 
course,  that  the  mixture  coiit  ains  no  excess  gas. 

How  the  efficiency  of  an  engine  may  be  affected  by  carel^s" 
setting  of  the  fuel  valve  is  well  shown  in  some  results  quoted 
by  Lucke.*     The  test  cited  is  on  a  10  L  H.   R  Otto  engine 
governed   by   hit  and    miss.     The   fuel    used    was    carbureted 
water  gas. 


Gas  Valve  Number 

Fffidfficy 

9 

mo                 ^H 

8 

m.h                ^M 

f 

18,0                     ^M 

6 

19.0               ^H 

5 

10.Q 

It  is  quite  evident  from  the  figures  that  the  last  setting  waste 
a  lot  of  unburned  gas,  w^hile  the  leaner  mixtunes  were  ineffirienl 
probably   due   to   sluggish   combustion.     The   same    thing    was" 
noticed  in  a  series  of  tests  on  German  alcohol  engines,  in  whicli^ 
it  was  found  that  the  setting  of  the  fuel  needle  valve  had  a  pr 
nounced  effect  upon  the  economy. 

5,  Variation  of  Point  of  Ignition.  —  The  effect  on  the  appeal 
ance  of  the  diagram  of  var>Hng  the  point  of  ignition  has  alread]| 
been  discussed.  To  get  some  idea  of  the  influence  of  varying 
time  of  ignition  on  engine  capacity  and  efficiency*  the  following 
figures  are  given.  The  first  set  t  was  obtained  in  determining 
the  range  of  adjustment  of  the  igniter  gear  on  an  S'^  x  12*  hori* 
2ontaI  hit-and  miss-engine,  running  265  np.ni.  on  natural  gas* 

*  Lucke,  Gas  Engine  Design. 

t  Obtained  through  the  courtesy  of  Mr.  A-  B.  Gould,  of  the  Welln 
Server,  Morgan  Co,^  Clevelancl* 
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Card  No. 

Crank  Angle  below  horizontal 
at  time  of  ignition 

Max.  brake  load  possible 
at  265  R.  P.M. 

8 
9 
10 
11 
12 
13 

35° 
33° 
32° 
24° 
23° 
15° 

47    lbs.  net 
47     "  .  " 
471    "      " 
47     "      " 
441    "      " 
44     "      " 

The  accompanying  indicator  cards  are  shown,  much  reduced, 
in  Fig.  17-1.     The  scale  of  spring  was  160  pounds. 


Fig.  17-1. 

The  second  set  of  figures  is  due  to  Mr.  J.  R.  Bibbins,  and  was 
published  by  him  in  the  Michigan  Technic  for  February,  1907. 
They  are  here  reproduced  by  permission  of  the  author,  obtained 
through  Mr.  R.  D.  Day  of  the  Westinghouse  Machine  Co.  The 
tests  were  made  on  a  9  x  ll'',  2-cylinder  Westinghouse  gas  engine. 
The  load  was  kept  constant  at  about  70  B.  H.  P.,  the  speed  was 
held  constant  at  about  300.  r.p.m.      The  gas  used  was  natural 
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gas  with  a  constant  lower  heating  value  of  934  B.  T.  U. 
point  of  ignition  was  changed  by  steps  from  dead  center  to  5B  de-l 
gree  crank  angle  ahead  of  the  center,  that  is,  the  spark  was  ad-| 
vanced  to  that  extent.     The  following  table  showis  the  results: 


Pdniof 

LoAd 

R.  P.  M. 

Gas  pes- 
B.  H.  P. 
perHoUT 

B.  H,  f. 

TbcrmaJ 
Elfidentjr 
oa  Br»ke 

REbtive 
£fEcieii<ey 

PfttsfiviEs  Lbs. 

per  iq.  iach 

^f 

cu.  fu 

% 

Miu. 

Rekast 

0 

70.0 

292 

14.38 

13410 

19.0 

.815 

151 

36       1 

s 

70.8 

29$ 

13.34 

12470 

20.4 

.B75 

168 

36       1 

20 

7L0 

296 

12.36 

11530 

22,1 

.947 

177.5 

33.6 

25 

71.0 

296 

12.3 

11490 

22  2 

.951 

220.5 

31.2 

30 

71,3 

297 

11.71 

10940 

23.3 

1.000 

252 

3L2 

35 

7K3 

297 

12.03 

11230 

22.7 

.972 

252 

2a8 

4,S 

71.2 

2tH).5 

12.40 

11590 

21.9 

.942 

379 

28.8 

fj,5 

70i) 

292 

15.74 

14700 

17.3 

.742 

437 

24.0 

The  results  of  the  test  are  shown  graphically  in  Fig.  17-2., 
The  Ijest  lead  angle  for  the  sparking  gear  appears  to  be  betweeal 
30  and  35  degrees,  In  which  this  test  agrees  closely  with  the  re*] 
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suits  obtained  by  Mr.  Gould  on  a  similar  engine.     Fig.  17-3  shows 
the  typical  indicator  card  accompanying  each  igniter  position. 

6.  Engine  Economy  depending  upon  Load.  —  As  is  the  case 
in  the  steam  engine,  the  efficiency  of  a  gas  engine  decreases  as 
the  load  decreases  below  the  normal.  The  amount  of  this  de- 
crease in  various  engines  is  variable,  depending  mainly  upon  the 


ItNinON    0* 


l$NmOM  $*i 


lONITlOM    20' t 


lOmrioM  is'i 


ICMITtOM    J0'f 


iGMITlON    3S*i 


lomnoN  4S  i 


IGNITION   SS*€ 


Fio.  17-3. 


kind  of  fuel  used  and  the  system  of  governing  employed.  The 
following  set  of  curves,  Fig.  17-4,  makes  this  clear.  Regarding 
the  range  of  load  above  normal,  however,  it  is  found  that,  while 
a  steam  engine  generally  shows  a  decrease  in  efficiency  for  over- 
loads, the  gas  engine  usually  shows  a  greater  efficiency  at  the 
maximum  load  than  at  the  normal;  in  other  words,  just  as  long 
as  a  gas  engine  keeps  up  the  normal  speed  under  an  increase  in 
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load  the  thermal  efficiency  will  rise  with  the  load.  A  few  typical 
efficiency  curves  are  shown  in  the  figure.  The  data  for  these  has 
been  collected  from  various  sources,  as  shown  in  the  accompany- 
iug  table: 


Cam 

Typt  of  En«i« 

BJI.P. 

R.F.M. 

Fuel 

Governing 

Rciereiicc 

I 

DeutZT  Single 

50 

200 

III  Gas 

Throttling 

E.  Meyer* 
Z.d.V.d,L, 

Cylinder 

Gas, 

1898. 

2 

Westinghouse 
3-cycI  Vert, 

100 

270 

Natuml 

Throttling 

Robertson, 

Gm. 

mx. 

1899. 

a 

Deuti. 

450 

Producer 

Guaninten 

Fig.  for  en- 
tire plant. 
Josfle,  1904. 

4 

GtlHner,  Bingle- 
cy  Under. 

35 

220 

Produeer 
Gad. 

Throttling 

Galdner,  1906, 
for  plant  in- 
cluding 
generator. 

5 

NUmbcrg. 

1200 

106 

Blast- 
Furnace 
Gas. 

Throttling 

Gas. 

Riedler. 
G  ross-Gas- 

MascJitncn, 

1905. 

6 

BwiderBki,  Single- 
cyliader. 

15 

235 

Alcohol- 

Hitifc  Miss. 

E.  Meyer^ 
St.d.V.d.L. 
1903. 

7 

Deiif  z*  Single- 
cylinder. 
Diesel. 

12 

285 

Alcohol. 

Throttling. 

ff 

S 

70 

158 

Russian 

Cut-off. 

ti 

Kerosene. 

9 

Diesel 

B 

275 

if 

if 

141 

10 

H  o  mshy*Akroyd 

25 

202 

Kerosene* 

Re^ilating 

Robinson, 
1898. 

11 

Mnki. 

25 

210 

Gasoline 
with  water 
injection. 

Hit^  Mtas, 

Jonafi  and 
Taborsky 
Z.d.Oest. 
Arch.&  Ing 
V,,1900. 

7,  The  Heat  Balance.  —  Accounting  for  the  heat  furnished 
to  a  heat  engine  is  called  constructing  the  Heat  Balance.  In  an 
internal  combustion  engine  the  heat  supplied  to  the  engine  is  that 
contained  in  the  fuel  furnished  to  the  engine  in  a  given  time,  if 
the  temperature  to  which  all  heat  calculations  are  referred  is 
taken  as  room  temperature.  It  is  usual  to  account  fo?  the  heat 
in  four  separate  items: 

1.  Heat  represented  in  indicated  work, 

2.  Heat  carried  off  in  the  jacket  water. 
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3.  Heat  lost  ia  exhaust. 

4,  Heat  loss  due  to  radiation,  conduction,  etc.  

Of  these  the  first  and  second  items  admit  of  accurate  determine 

tion,  the  fourth  is  nearly  always  found  by  itifference  between  the 
sum  of  the  other  three  items  and  the  heat  supplied  Item  thiee 
is  much  more  difficult  of  exact  determination.  Its  caleulation 
involves  the  determination  of  the  weight  of  exhaust  gases  and  of  ^ 
the  specific  heat  of  these  gases  at  exhaust  temperature. 

The  only  accurate  way  to  find  the  weight  of  the  exhaust 
gases  is  by  metering  or  otherwise  determining  the  air  supply  to 
the  engine.  The  weight  of  the  exhaust  gases  is  in  all  cases  the] 
weight  of  air  plus  the  weight  of  the  fuel. 

There  are  two  other  ways  sometimes  employed,  but  either  onel 
can  only  give  approximate  results.     One  of  these  determines  the 
chftiTge  weight  from  the  piston  displacement.     This  involves 

(a)  The  volumetric  efficiency  of  the  suction  stroke,  and 

(b)  Some  assumption  as  to  the  temperature  of  the  charge  at  J 
the  end  of  the  suction  stroke. 

It  is  possible  to  determine  the  volumetric  efficiency  with  fa 
accuracy  by  means  of  a  weak  spring  carti,  but  the  second  point j 
ofTerfi  much  more  difficulty.     The  charge  at  the  end  of  the  suction ' 
stroke,  taking  the  case  of  a  gas  engine,  consists  of  a  certain  amount 
of  air,  of  fi^sh  gas,  and  of  burned  gases  from  the  clearance.     The 
entering  temperature  of  air  and  of  g£is  can  be  accurately  deter- 
mined, but  the  temperature  of. the  mixture,  tm  h  enters  the  cylin- 
der, changes,  due  to  contact  with  the  hot  walls  and  to  mixingj 
with  the  clearance  gases.     Nothing  is  definitely  known  of  the 
w^eight  of  the  clearance  gases,  for  although  their  pressure  and 
volume  are  known,  nothing  is  known  of  the  temperature.     Hence 
neither  the  w^all  effect  nor  that  due  to  the  clearance  gases  can  bej 
definitely  gaged    and    all    temperature   computations    therefore' 
become  approximate.    The  only   positive   way  of  determining 
the  temperature  at  the  end  of  the  suction  stroke  is  by  actual 
measurement.     This  has  been  successfully  done,  but  the  apparatus 
is  not  such  as  could  well  be  employed  in  ordinarj'  testing. 

It  must  be  evident,  thei-eftjre,  that  piston  displacement  mess-^ 
urement  of  the  weight  of  the  cxliaust  gases  can  be  approximate*^ 
only.     To  cite  a  case  in  point,  the  test  of  Brooks  and  Stewart, 
mentioned  in  Chapter  V,  showed  an  actual  ratio  of  air  to  gas  on  i 
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it    of  6.63,   while  pbton    displacement    eomputation   showed 

The  second  approximate  cnmputation  for  the  weight  of  the 
exhaust  giisi^  is  ba^tl  upon  the  exhaust  gas  analysis.  The 
methoil  ui  doing  this  has  been  explained  in  detail  in  Chapter  VI, 
The  trouble  with  this  scheme  lies  in  the  difficulty  of  obtaining 
representative  gas  samples.  But  granting  even  that  these  are 
obtaineti,  it  is  often  founii  that  eompu  tat  ions  based  upon  the 
analyses  show  an  excess  coefficient  smaller  than  that  really  used. 
That  is  J  the  weight  of  exhaust  gases  so  determined  is  less  than 
the  actual  amount.  Thus,  Schuttler,  in  computation  on  some 
of  Slftby's  tests,  shows  in  one  ease  that,  based  upon  analysis,  the 
excess  ef>efficient  was  5.52,  while  in  reality  it  wtis  6.2.  8r  hot  tier 
attributes  this  discrepancy  to  a  change  in  the  analysis  thie  to  a 
burning  up  of  the  lubricating  oil,  which  is  apt  to  inci-ease  the 
COj  content  of  the  exhaust  gas  at  the  expense  of  the  percentage 
of  O.  It  has  been  shown  that  a  variation  in  the  supply  of  lubri- 
cating oil  may  change  the  fuel  consumption  under  circumstances 
quite  materially,  and  8chottler*s  surmise  is  therefore  probably 
correct.  At  the  same  time,  however,  any  such  effect  must  be 
more  marked  in  the  smaller  machines,  and  the  writer  believes 
that  J  given  representative  samples  fif  exhaust  gas  from  any- 
thing but  the  small  machines,  in  conjunction  with  accurate  fuel 
analjTsis,  a  very  close  appmximation  to  the  actual  weight  of 
the  exhaust  gases  can  be  obtained.  At  any  rate  the  method 
should  be  mure  accurate  tlian  that  based  on  piston  displace- 
ment. 

Finally,  it  should  not  be  forgotten  that  even  an  accurate 
determination  (jf  the  air  supply  still  leaves  open  the  question  of 
the  8i>ecific  heat  of  the  exhaust  gases. 

The  heat  balance  of  the  four  items  above  outlined  is  sometimes 
shortened  to  three  by  conibiniiig  items  3  and  4  and  tiet  or  mining 
their  sum  by  difference.  On  the  other  hand,  a  balance  of  many 
more  items  can  be  drawn  up.  Thus  each  event  of  the  cycle  may 
be  examined  by  itself  and  the  heat  and  energy  interchanges  be 
determined.  A  very  detailed  balance  of  this  kind  is  given  in 
Sehottler's  "Die  Gasmasehine,"  p,  321,  How  far  this  question 
needs  (o  be  entered  into  depends  altogether  upon  the  importance 
of  the  test,  but  an  effort  should  be-  made  in  every  case  to  so  arrange 
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the  apparatus  that  at  least  a  heat  balance  of  the  kind  first  ih 
cussed  can  be  drawn  up  from  the  results  of  the  test* 

8,  Results  of  Tests  of  Engines  and  Gas  Producers.  —  By  t  hi 
term  is  hera  meant  the  results  shown  by  engines  or  produce 
when  operated  under  normal  conditions  and  at  or  near  norma 
load.  The  number  of  tests  from  which  this  data  can  be  obtained 
is  at  the  present  writing  quite  lai^e,  and  some  notable  collections 
of  test  data  have  been  made.  The  most  extensive  is  perhaps  that 
contained  in  Appendix  A  of  Brian  Donkin*s  "Gas,  Oil  and  Air 
Engines.*'  This  collection  consists  of  eleven  tables,  arranged 
according  to  fuel  used,  containing  in  all  some  280  te-sts.  Another 
laiTge  collection  is  that  found  appended  to  Witz*s  '*Moteurs  h  Gas 
et  k  P^trole.*-  Such  collections  are  valuable  as  showing  what 
has  been  done,  and  serve  as  a  guide  aa  to  what  may  be  expected 
from  an  engine  under  design  or  construction.  The  greatest  care, 
how^ever,  should  be  exercised  to  see  that  only  reliable  data 
incorporated, 

Encsine  Tksts.^ Table  I  (pp.  544  and  545)  contains 
series  of  engine  test  data  taken  from  various  sources.  The 
tests  are  arranged  according  to  the  kind  of  fuel  used,  this 
l^eing  the  most  logical  way.  In  some  cases  not  all  the  data 
is  given  in  the  original  report.  Wherever  possible  computations 
have  been  made  to  make  the  items  complete.  In  many  eases, 
however,  not  enough  information  is  given  to  permit  of  this,  and 
the  record  neces^sarily  remains  incomplete. 

Tests  of   Produckrs  and  Producer  Plants.  —  Table  II 
p.  546,  gives  some  of  the  results  obtained  on  tests  of  producers/ 
In  some  cases  the  tests  refer  to  producers  only,  giving  no  data 
regarding  the  engine  used;  in  others  the  data  is  fairly  eoinplete 
for  the  entire  plant. 
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In  conclusion,  Fig.  17-5  shows  a  set  of  curves  drawn  by  C.  H. 
Day  in  19Q5  during  an  investigation  on  the  economy  of  producer 
gns.    The  curves  show  the  relation  !>etween  cubic  feet  of  gas  used 
and  briike  horse-power  for  various  kinds  of  gas.     While  it  must 
be  understood  that  they  are  approximate  only,  they  represent 
a  fair  general  average  of  what  is  accomplished  to-day >     Many 
plants  show    much   better  fuel   eonsuinption,  but   otherB  show 
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correspondingly  worse.    The  curves  also  show  in  a  measure  the 
siaee  up  to  which  the  various  engines  are  built.     Thus  an  iJlu- 
minating  gas  engine  of  150  horse-power  ia  a  large  engine  of  its 
type.     Producer  plants  in  \W5  apparently  were  not  built  much 
larger  than  500  horse-power,  while  natural  gas  and  blast  furnace 
gBs  engines  are  built  exceeding  1000  horae-pojver,  and  for  the 
latter  gas  2000  and  3000  horse-power  is  not  out  of  the  ordinary. 
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CHAPTER  XVIII 

COST  OF  INSTALLATION  AND   OP  OPERATION 

I.  Cost  of  Producers  and  Engines.  —  With  the  approach  to 
standardization  of  the  design  of  the  internal  combustion  engine 
there  has  also  come  a  tendency  toward  standard  prices.  The 
figures  available,  however,  for  anything  but  small  engines  are  not 
plentiful.  This  is  no  doubt  due  to  the  fact  that  large  installations 
are  as  yet  not  numerous  and  information  is  correspondingly 
scarce.  The  writer  has  been  able  to  glean  the  following  data 
from  current  literature: 

Producers.  —  The  Gas  Engine^  June,  1906,  gives  the  follow- 
ing figures  for  producers: 

Pressure  Producers,  erected  complete  but  not  including  freight, 
$25  per  horse-power  for  hard  coal,  and  $27  per  horse-power  for 
soft  coal  producers.  These  figures  are  for  sizes  in  the  neighbor- 
hood of  300  horse-power.    The  cost  is  distributed  approximately 

as  follows: 

25  per  cent  in  the  producer. 

15  per  cent  in  the  scrubber. 

30  per  cent  in  the  gas  holder. 

30  per  cent  in  piping  and  fittings. 

The  increased  cost  of.  the  bituminous  coal  plant  is  mainly  due  to 
greater  cost  of  washing  apparatus. 

Suction  Gas  Plants  will,  on  a  rough  estimate,  cost  only  about 
one-half  the  above.  The  reasons  for  this  are  greater  capacity  of 
producer  and  the  elimination  of  the  gas  holder.  One  maker  gives 
the  following  approximate  figures  for  the  price  of  suction  gas 
plants  from  25  to  250  horse-power. 

Price  per  horse-power  =  $11  -f  „  p 

Thus  a  25  horse-power  plant  would  cost  $37.00  per  horse-power, 
and  one  of  250  horse-power  $12.60  per  horse-power.  In  the 
writer's  experience  practice  agrees  fairly  well  with  these  figures. 
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Engines. — The  cost  of  stationary  gas  engines  at  pr 

seems  to  range  from  about  J70  per  horse-po%ver  for  very  srrmll 
engines  to  in  the  neighborhood  of  $25  per  horse- power  fofj 
iiirge  ones.  Recent  quotations  on  producer-gas  engines  for  in- 
stance showed  the  cost  to  be  about  $55  per  horse-power  for  a 
10  horse- power  engine,  and  $36  per  horse-power  for  a  50  horse- 
power machine.  The  latter  is,  liowever,  a  comparatively  low 
price  for  an  engine  of  this  size.  The  price  of  launch  engines  id] 
frequently  lower  than  this,  from  $50  per  horse-power  for  the  small 
engine  to  about  $20  per  hoi-se-power  for  an  engine  of  25  to  30 
horse-power.  The  cost  of  Diesel  engines  rims  some^^hat  higher, 
varying  probably  betw^een  $50  and  $90  per  horse- power,  depend- j 
ing  upon  size.     None  of  these  figures  include  cost  of  erection. 

Suction  Gas  Plants.  —  Recent  quotations  for  plants  of  this 
type  have  been  for  a  10  horse-power  plant,  which  is  below  the 
ordinary  commercial  size,  $90  per  horse-power  for  a  50  horse- 
power plant  $5 1  per  horse-power  and  again  $6 1  per  horse-power, 
and  for  ti  75  horse-power  plant  $53  per  horse-power. 

1.  Cost  of  Erection.  ^-  Tlie  cost  of  erection  varies  largely 
with  the  size  of  the  foundations.     Regarding  the  latter  ther 
seems  to  be  no  definite  proportionality  tetween  it  and  the  si^j 
of  the  engine.     In  general,  of  course,   vertical  engine's  do   notf 
require  as  large  or  as  heavy  a  foundation  as  horiEontal  engines, 
but  the  condition  of  the  ground  has  a  great  deiil  to  do  with  the 
final  cost,     Guldner*  estimates  that  from  15  to  20  cubic  feet  of 
foundation  per  brake  horse-power  of  engine  should  be  sufficient] 
in  the  ordinary  case  if  the  ground  is  safe.     For  large  machines, 
however,  thb  may  even  be  as  low^  as  8  cu,  ft.  per  B,  H.  P.     The 
total  cost  of  erection  and  starting  should  not  exceed  about  3  per 
cent  of  the  purchase  price  in  the  case  of  gasoline  and  gas  engines, 
and  should  not  be  over  5  per  cent  in  the  case  of  producer  gna 
plants,     These  figures  agree  fairly  well  with  the  estimates  made| 
by  H.  A.  Clark  in  1903.t 

3.   Piping  and  AuxUiaries.  —  This  item  is  apt  to  vary  witbi]i| 
W'ide  limits,  especially  in  producer  gas  plants,  where  much  de 
pends  upon  the  location  of  the  producer  plant  with  reference  to^l 


*  Verbrf^nnung^motoren,  p.  4  S3, 

fH.  Ade  Chrk,  The  Diesel  Engine,  Proceeding  of  Mechanieal  EnginjaetSt 
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the  engine.  In  a  onrnml  case,  5  per  cent  of  the  cost  price  of  the 
engine  or  plant  bhould  cover  the  cost.  This,  howeve^-j  does  not 
include  the  cost  of  an  air  compressor  system  if  this  i«  required  to 
start  the  plant*  / 

4,  Floor  Space  and  Buitdings.  —  The  co^  of  buildings  is 
intimately  connected  with  the  floor  space  reoiiired  by  the  plant, 
but  outside  of  this  nothing  very  definite  can4>e  said  of  the  cost  of 
the  buildings  since  everything:  depends/^pon  the  construction 
used.  The  cost  based  on  the  square  foot  of  floor  space  may  vary 
from  about  $1.50  for  a  plain  brick  building  with  steel  roof,  to 
$2>75  for  a  modem  steel  concrete  structure*  Among  tlie  figures 
available  are  the  following.  A.  H.  Clark,  in  the  article  already 
mentioned,  estimates  the  cost  of  building  as  follows: 


TrpeorEDEfoe 


Producer  Gai  ♦ 

Diesel 

Producer  Gaa  * 

Diesel  . . , . 

Producer  Gaa  . 
Diesel .,..-,, 


Siite'  of  Engiae 
B.  H.  P. 


3*5 
33 
80 
80 
160 
160 


CoBt  of  Eniptie, 
Producer  and 
AjccesBorics 


$2,3flO 
2.880 
4,400 
4,400 
7,450 
8,300 


BulMiiijf 


I  640 
440 
930 

685 
1,150 

880 


Ratio 


Co^  of  B3dg. 
CkiA  uF  Plant 


21 
,16 
.21 
X% 
.16 
.11 


Giildner,  in  making  a  similar  estimate,  combines  the  cost  of 
building  and  of  necessary  foundations  for  the  engine  and  pro- 
ducer. Expressing  this  combined  cost  in  per  cent  of  the  cost  of 
plant  and  accessories,  the  following  table  ahowa  the  results: 


Tfpc  of  PUml 

Il<»««-|nwcr  of  Pkm 

5 

ia 

15 

« 

£5 

30 

40 

50 

IDO 

t2fi 

150 
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300 

IIIuminaiiinK  Giut  EngioE 
Suction  G*»  Pbnt  Coraplcic 

27 
30 

22 
2a 

20 

24 

22  fi 

IS 
21 

17 

J0^ 

19 

16 

la 

13 

13 
1* 

13 
15 

13 

13 

Turning  next  to  the  floor  space  required,  there  is  considerable 
data   available   in   the   literature   published.     Collaborating   the 

*  Pressure  prodycer- 


^^^V       550                 INTERNAL  COM  BUST  iON  ENGINES                 W^M 

^^^^^L  '      figures  given  by  manufacturers  for  the  Boor  space  required  for  ^V 
^^^^^H        horizontal  single^ylinder  gas,  gasoline  and  oil  engines^,  and  for       1 
^^^^F        Btiction  gas  producers^  we  obtain  Curves  I  and  III  of  Fig.  18-L^H 
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lould  be  remembered  in  connection  with  these  curves,  how 

that  they  represent  average  figures  only  and  they  can  ther* 

give  only  approximate  results.     For  example,  a  20  B.  H.  F 
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suction  gas  pniilucer  will,  according  to  Curve  I,  occupy  approxi- 
mately 20  X  2  ^  40  sq.  ft.  of  floor  space>  say  a  space  9  X  4^  ft.; 
similarly,  a  200  B.  H,  P,  installation  would  require  200  X  .8  =  160 
sq.  ft. 

In  like  manner  Curve  III  gives  the  approximate  floor  space 
for  horizontal  engines.  Thus  a  5  B,  H.  P.  gasoline  engine  of 
standard  make  would  probably  require  5X4  =  20  sq.  ft.,  say  a 
space  3  ft,  by  6  ft.;  while  a  150  B.  IL  P.  producer  or  illuminating 
gas  engine  calls  for  150  X  1-5  =  225  sq.  ft.  The  curve  does  not 
include  multi-cylinder  engines  because  the  available  data  figures 
for  this  type  of  engine  are  very  erratic.  For  the  same  reason  no 
curv^e  could  be  drawn  for  verticul  engines. 

While  Curves  I  and  III  represent  the  space  actually  occupied 
by  the  plant,  they  give  no  idea  of  the  size  of  the  producer  or 
engine  room  requirefh  In  the  producer  room  space  must  l>e  left 
for  the  proper  cleaning  of  the  producer,  etc.^  and  In  the  engine 
room  space  for  dismantling,  etc.  On  this  pt>int  the  only  infor- 
mation that  seems  available  is  that  given  by  Giildner  in  his  esti- 
mates, the  results  of  which  are  plotted  in  Curves  II  and  IV  of 
Fig,  18-1,  The  former  shows  the  approximate  room  allowance 
for  suction  gas  apparsitus,  the  latter  for  horizontal  single*cylinder 
engines,  based  on  one  brake  horse-power  in  each  case. 

The  data  available  for  pressure  proiiAicers  is  not  so  extensive 
as  that  for  suction  producers.  In  the  former  plants  much  depends 
upon  the  size  of  the  gas  holder.  Outside  of  this  the  space  re- 
quired for  suction  and  pressure  producers  should  not  vary  greatly. 
The  figures  at  hand  seem  to  indicate  that  pressure  producer 
plants,  including  the  gas  holder,  of  from  30  to  40  horse-power 
occupy  75  per  cent  more  space  than  suction  plants  of  like  capacity. 
As  the  power  increases  the  difference  grows  less»  a  plant  of  100 
horee-power  requiring  apparently  only  about  50  per  cent  more 
space,  and  one  of  175  horse-power  only  20  per  cent  more. 

The  minimum  head  room,  i.e.,  the  height  of  the  room  required 
for  either  type  of  plant,  seems  to  vary  from  12  ft,  in  the  small  20 
horse^power  plant  to  18  ft.  in  the  large  250  horse-power  producer. 

In  Power  for  April,  1907,  L,  L.  Brewer  published  the  following 
table  of  *' Practical  Data  for  Modem  Gas  Engines.**  The  table 
gives  in  column  13  figures  for  the  floor  space  required  by  engines 
larger  than  those  so  far  discussed.    The  letters  in  column  7  have 
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the  following  meaning:  a.c,  single  cylinder;  tw.,  twin;  td.,  tandem;^ 
d.  td,,  double  tandem* 


1 

2 

9 

1 

& 

§ 

7 

S 

& 

10 

11 

12 

11 

1 

s 
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& 

g 

V 
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1. 

2| 

■d 
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ot 

^ 

^ 

C3 

u 

^ 

^ 
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it 

^ 

^ 
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I5C» 

CocteKIl 

S. 

9C. 

45,000 

9,000 

21,100 

540 

€61 

3iiS 
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lOS 

OKkerill    

s. 

9C« 

»3,flOO 

25.000 

5!i,600 

540 

7W 

IJl 

260   150 

Cfx:kefill , 

t. 

td. 

(iS.OOO 

10,(iOO 

23.400 

900 

353 

124 

300:  120 

I>euti 

iL 

9C. 

fta,3oo 

35.000 

Hl,SOO 

2M 

5S1 

2.07 

300    120 

Ik'Uta  .,,,,,.. 

ftv 

tw. 

toi.ooo 

]i,(m 

32.NOO 

3j^ 

447 

1.52 

3041    140 

Deiilz 

p. 

d.  tV. 

1  lO.fJOO 

3.5Cifl 

h.20O 

4M 

394 

IM 

tHXl     Hi 

t^ockfl^rill    .... 

B. 

BC. 

2f)7,0O0 

JOO.OllO 

234. OCX* 

512 

734 

0.9ft 

\-^y.i  Ktn 

CiTckerill 

& 

td. 

jhs.ooo 

4PMX>a 

107,500 

dm 

487 

14S 

MMi    Mill  ( H'thclhJluser  .. 

>. 

ac. 

H  3.000 

4S,nO(} 

1  12,000 

311$ 

425 

1^ 

I.I  Ml    :  •11'  iJtrulft 

s. 

iw. 

158,000 

3Sh(XH) 

65.500 

310 

371 

trtT 

1.1  hi      ,rM,   IX'tlU .,  - 

i. 

d.  iw. 

180.OQO 

7.000 

in. 400 

327 

U2 

L08 

t>Qr»  im 

tCi>crtiu[t 

d. 

K. 

imsoo 

18,000 

42,200 

258 

2*7 

1  11 

7b» 

90 

Nklrnljcrji        .    . 
OKkcrilf          .. 

s- 

Bt- 

297,000 

115.000 

2<t,0OO 

MO 

5as 

I4U 

1300 

m 

S- 

td. 

3(95.000 

95,0rj0 

227,000 

383 

488 

OM 

1200 

130 

J>Lfz 

s. 

d.tw. 

354.000 

14.000 

32.tt)0 

307 

dxz 

101 

L20C] 

120 

Nlimhcrrt  .   .    . 

s+ 

d  tw. 

2Sfl,000 

10.000 

37.400 

24a 

364 

OfM 

i2nfl 

110 

iJccbcIhftuvr    . 

^ 

tw. 

2m,QQ0 

ll^OOO 

37,4jX) 
10..'i00 

230 

348 

OJ 

I20C 

L10 

Kijcrtina . . 

LmkeriiJ 

d. 

iw. 

350.000 

4.500 

212 

2tg 

c»U 

NOO 

no 

d. 

td. 

374.000 

^,000 

30,000 

J7Q          164 

'i 

It  will  be  noted  from  column  6  that  there  is  only  one  double- 
acting  four-cycle  engine  in  the  list.  The  large  engines  cited  are 
all  single-acting  twin  or  tandem,  or  double  engines*  It  whtuUI 
naturally  be  assumed  that  the  later  types  of  large  four-cy< 
engines,  which  are  nearly  always  doulile-acting  tandem, 
double-acting  twin  tandem  machines,  should  show  u  decreajse 
in  the  floor  space  required  as  compared  with  the  figures  in 
column  13.  An  indication  of  the  saving  in  both  weight  and_ 
floor  space  that  may  l>e  effected  by  adopting  the  douljle-actii: 
principle  is  given  by  the  figures  for  the  1400  B.  H.  P,  doubl 
acting  tandem  Cockerill  engine  in  the  last  line  of  the  table.  Tha_ 
saving  there  shown  is  remarkable  and  the  writer  has  not 
able  to  check  it  in  the  c^se  of  other  engines  the  design  of  w^hic 
has  been  changed  from  the  twin  or  double-twin  singh^acting  to_ 
the  double-acting  tandem.  The  reason  for  this  probably  ia  tl 
opposed  single*acting  engine-s  usually  work  without  a  cross-be 
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while  double-actmg  cylinders  demand  the  use  of  the  same*  Hence 
the  total  leiigtli  of  engine  is  not  changed  materially. 

5.  Cost  of  Operation.  — The  total  cost  of  operation  consists 
of  the  following  iteins: 

(a)  Interest  on  capital* 

(6)  Depreciation  of  Plant  and  Buildings. 

(c)  Insurance* 

(d)  Fuel  Cost. 

(e)  Cost  of  Conhng  Water* 

(/)  Lubricating  Oil  and  Waste. 

(g)  Attendance,  * 

(h)  Maintenance  and  Repairs. 

Of  these,  the  first  three  items  are  usually  called  the  fi^ced 
charges  J  and  the  last  five  the  operating  or  works  co&t.  The  sum 
of  fixed  charges  and  works  cost  is  t  he  total  operating  cost. 

(a)  Interk^5T  on  Capital.  The  usual  allowance  in  this  country 
for  interest  on  capital  is  6  per  cent. 

(h)  DEPREriATioN  ov  Plant  anj>  Bitildings.  There  is  little 
doubt  that  as  far  as  gas  producers  are  concerned,  the  w-ear  and 
tear  on  this  part  of  the  plant  is  much  less  than  it  is  on  a  boiler 
plant  of  the  same  capacity.  On  the  other  hand,  the  stresses  in  a 
gas  engine  are  generally  higher  throughout  than  those  in  a  steam 
engine  of  the  same  power,  and  this  naturally  leads  to  a  shorter 
life  and  consequently  somew^hat  higher  allowance  for  deprecia- 
tion. Taking  it  altogether,  an  allowance  of  from  7  to  10  |3er  cent 
of  the  capital  outlay  for  the  power  plant  should  cover  deprecia- 
tion, the  lower  figure  for  a  producer  plant,  the  higher  where 
engines  alone  are  concerned. 

Depreciation  on  the  building  should  not  exceed  2  to  3  per  cent 
of  the  building  cost.  In  case  the  building  is  rented,  the  rent 
instead  of  depreciation  should  be  charged  against  the  plant, 

(c)  Insurance.  This  item  is  usually  very  small  as  compared 
with  the  rest  and  is  therefore  in  most  cases  neglected. 

(d)  FitKL  CosTB.  This  item  is  very  often  used  as  the  sole 
criterion  of  the  economic  status  of  a  plant,  but  in  many  cases  this 
is  not  true.  Where  the  cost  of  fuel  is  ver>^high,  as  for  instance 
w^here  illuminating  gas  or  gasoline  are  used,  the  fuel  cost  usually 
forms  the  major  part  of  the  operating  expenses.  But  where  the 
cheaper  fuels  are  used  or  the  plant  is  of  high  efficiency,  as  is  often 
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the  case  in  producer  plants^  an  analysis  will  show  that  what  are 
usually  considered  the  *' incidentar'  expenses  in  many  cases  farj 
outweigh  the  fuel  cost.. 

The  fuel  cost  varies  with  the  load  on  the  engine*    The  figures 
given  by  manufacturers  usually  represent  the  best  figures  obtained 
at  maximum  load,  but  such  conditions  rarely  obtain  in  practice. 
At  any  rate  it  would  not  be  safe  to  base  computations  upon  such 
"parade**  figures.     Haeder  *  considers  that  the  economy  figure] 
given  by  an  engine  at  ^i^  maximum  load,  which  is  equal  to  85  j 
per  cent  of  rated  load  if  an  over-capacity  of  20    per   cent   bl 
assumed,  is  the  best   figure    ou    which   to    base   computations. 
The  same  writer  gives  the  following  table  for  the  variation  of  the 
fuel  consumption  with  load.     The  third  hue  in  this  table  gives  j 
the  same  information  regarding  a  steam  plant: 


Variation  or  Fuel  CowsuHrnoH  wttb  Loaq 

Dat  Eoipfie 

Mux. 

hand 

.9 

8 

.7 

.6 

J 

A 

J 

J 

A 

of 
Mas. 
I«4j 

Hit-and-mias  rc^giilatifin 
Th  rot  1 1  mg  reguJat  ion    . 
Bteam  plant 

1 
1 
LI 

IM 
1,06 

i.oa 

1,13 
1.02 

1.14 
1.21 
1.0 

I2n 
M 

IM 
L75 
1.07 

IS 
2.2 
1.15 

2,5 
3.0 
1.30 

1 

3  0 

L60 

The  table  is  based  upon  the  aasumption  that  the  gas  engine 

operates  normally  on  /^  of  its  maximum  load,  and  this  ia  put  | 
equal  to  the  normal  load  on  the  ste^m  engine.  It  is  interesting 
to  note  the  superiority  of  hit-and-miss  regulation ^  as  far  as  econ- 
omy is  concerned,  over  the  other  method  of  governing,  and  the 
superiority  of  the  steam  engine  over  both  as  regards  small  varia- 
tion in  economy  over  a  wide  range  of  load. 

Gulderf  makes  a  similar  estimate  with  the  following  results: 

INCRE.4SE  OF  FuEL  CoNSUHPTION   WJTB    DeCHEABINO  LOAD 

Approximate  Load .75  .66  .50  .3S  .2f)    of  Nonnal  Load. 

lliiiminating  Gas  Engint*.      10  20  35  60  90  i  pr^r  crnt  higher  fn^^l 

Siietion  Gas  Engine .20  30  50  75  KtO  [     conminipttofi  iban 

Diesel  Oil  Engine 10  ^iO  30  55  80  i    at  full  load. 

*  Haeder,  Die  Gasmotoren. 

tOiJJdnerj  Verbrennun^motort^n.  p.  427. 
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Thus,  for  examplei  if  an  illiuninatirig  gas  engine  uses  20  cu.  ft, 
of  gas  per  B.  H.  P.  hour  at  full  load,  we  may  except  it  to  use  1.35 
X  20  ^  27  cu.  ft.  per  B.  H.  P.  hour  at  half  load,  and  L9  X  20  = 
3S  cu.  ft.  per  B.  H.  P.  hour  at  quarter  load. 

The  anthracite  coal  consumption  of  suction  gaa  plants  for 
various  sizes  of  plants  and  for  different  loads  is  given  by  Haeder 
in  the  following  table: 

COKSUMFTJON  OF    ANTHRACITE    IN    SUCTION    GaS    PlANTS    IN    PoUNDS    PER 

B.  H.  P.-hour 


Max.  CBpaciiy  B.  H,  P   . . ,     14 
Nonna!  l^ad  B.  H.  P.   ....    10 

40 

m 

70 
50 

100 
70 

140 
100 

210 
150 

420 
SOO 

CoFLSumption 
pounds  per 
H.  P.-hour 
based  on 

B.H.P.mai.     1.21 
.7B.H.P-tnai.     IA5 
.5B.H.P.inju(.     i.SO 

1.0 
1.19 

L47 

.93 

1.12 
1.38 

.90 
LIO 
1.34 

.8S 
1.06 
1.32 

.86 
1.03 

1.28 

.84 
1.01 
1.25 

It  is  evident  from  a  study  of  the  figures  in  the  above  tables 
that  the  probable  average  load  at  which  a  prospective  plant  will 
operate  playi^  an  important  part  in  the  estimation  of  fuel  costs,  a 
point  which  should  not  be  lost  sight  of. 

We  find  in  the  engineering  literature  of  the  day  considerable 
information  regarding  fuel  consumption  and  fuel  costs.  The 
cost  figures  given  belong  to  one  of  two  classes:  either  they  are 
based  upon  assumptions  regarding  both  consumption  of  fuel  and 
eost  of  unit  weight  of  the  fuel,  or  the  figures  are  obtained  in 
actual  operation.  It  goes  without  saying  that  the  latter  class  is 
much  more  valuable  than  the  former.  In  the  case  of  assumed 
costs  and  consumptions,  comparisons  are  usually  made  between 
steam  and  gaa  power  under  various  conditions  of  operation. 
Such  computations  are  interesting  because  they  show  what 
might  be  realized  in  each  case,  but  in  attempting  to  practically 
apply  the  information  the  greatest  attention  should  be  paid  to 
the  conditions  assumed.  As  regards  actual  consumption  figures, 
the  tables  of  the  previous  chapter  give  considerable  information 
regarding  efficiency  of  operation.  From  this  data  it  should  be 
easy  to  compute  the  fuel  costs  as  soon  as  the  local  eost  of  unit 
weight  is  known. 

Below  are  given  a  few  hypothetical  computations.  In  some 
cases  both  the  fuel  consumption  and  the  fuel  eost  are  assumed 
outright,  in  others  an  attempt  has  been  made  to  determine  the 
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fuel  consumption  in  relation  to  the  size  of  the  engine.  These 
figures  are  followed  by  a  few  fuel  cost  figures  from  actual  practice. 
Additional  data  for  fuel  cost  from  actual  operation  will  be  founcl 
in  the  data  on  total  o{>erating  costs  at  the  end  of  this  chapter. 

The  following  table  shows  an  estimate  taken  from  the  cata^ 
logue  of  a  well-known  manufacturer. 

Helativi:  Costs  or  Fuel  ttith  Diffebbnt  Ttp^  or  E?roii«^ 


*IV|«o(  EofflQe 


8aiii|)lii  nan-con- 

dvonng  slklr  v&lve 

Cotii|iound  eon* 

Stffsm  Turbim^  .... 
Oil  Eii|:inc  .,.,.... 

Oil  Eqgbe  .... 

Oii«  Khginc  with 

OmB   K^glnt^   with 
mcibn  produi^r^ 


Q«9af  Fiid 


B£t  uminouflCoal 

BituminousCotil 

BitununousCoat 
Oaaoline 


$3.00  per 

|rrosa  ton 
13.00 


Crude  Oa... 
lUuminat  ing^^aa 
X&tural  Gas  . . . 
Anthracite  Coal 
Cok^.. 


FHce  ol  Fuel 


P^tO. 


13.00 

14  cc*nts  ppr 

gal. 
4  csents 

75  cents  pef 

lOOOcu.ft 
20  conts  pe*r 

$3.00  per 
gross  ton 

13.00  ptr 
gross  ton 


rucl  Con- 
sumed pel 

bour 


5  Urn. 

3  lbs, 

aiha. 

0J25gftl 


l^cu.  ft. 

13  cu.  ft, 

lib. 
1.25  Ri. 


Cost  in 
B.  H  P 


.402 

.402 
1 ,75 

.40 

1.42£ 

.134 
.167 


Ompa 


$2,007.00 

1,20S.OO 

1,205.00 
5,250  JdO 

l,200Xn 

4.275,00 

78O.00 

4mm 

502.00 


4 


The  nf*xt  table,  compiled  by  J.  I.  Wile,  is  similar  to  the  above,  I 
except  that  the  assumptiom^  diifer  somewhat.     A  oompariaon  of  j 
the  corresponding  items  in  the  two  tables  senses  to  show  ihe 
variation  in  the  final  results  arrived  at  by  computationa  of  thisj 
kind. 
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Statistics  op  Fukl  CoNauMFriOM   j^nu  Cost  per  Annum  of   Produces               ^^^H 

Gab  Power  and  0th eh  Powers                                                   ^^^^| 

Fuel  consump-  ^^^^^ 

Cost  m 
dDLbf$ 

C^t  pcf 
100B,H, 

^^^^H 

TrpeofEngiiie 

Kind  df 
FutI 

Price  per 
Ton 

per  100 
B.  H.  F. 

F.pcr 
Annum 

^^^M 

bouf 

buur 

per 

3000 
Isoun 

Oil  Engine 

GeuKiline 

12  pcnifl  per 

Tie  |jer  JOOO 
Cubic  F«l 

1  Bnl 

150 

sijsa 

$4,500 

Gal  Entdiie 

lUtimulAtinj^ 
G^ 

Ifi  Cubic  Feet 
pet  BE.  R 
13  Cubic  Feet 

h35 

1,35 

4,(150 

U«      .^MM^,^       .....     p    .,..     . 

G«*Eiigini! 

NHttiml  Gas 

30c  per  1000 

M 

,30 

1,170 

Cubic  Feet 

per  B  H.  F 

Simfde  Steam  En^ise . . . 

$3.00 

Blb^. 

U 

1.20 

3,000 

^^^H 

Cotapound  Sl£ftm  EnEioc  Bituminous  | 

3.00 

5 

M 

.75 

2,250 

NoH'CoaideitsiEiK- . 

Ci^\ 

^^^^^H 

TnpJf  Expanding  Stenm 

Bintminuius 

3. 00 

3 

.S 

.30 

900 

^^H 

EiupoCt  coiukiudiig . . . 

CoaJ 

Ph>duixf  Gas  Eogitie  , . . 

Anthmdte 
CobJ 

&.m 

I 

.as 

^5 

750 

^^^^H 

^^H 

Pkoduref  Gas  Engine  .  ^ . 

GiiA  C^e 

3,00 

L25 

.1875 

18} 

fi{}5 

Producer  Gas  Engine  . . . 

BituTEiinoua 

CoaJ 
Antlumdli! 

3,50 

L2& 

.1566 

J55& 

470 

^^^H 
^^^1 
^^1 
^^^^^H 

PlrodUfer  Gas  Eetgine  . . . 

a.oo 

1 

.15 

.15 

450 

C;  H.  Day,^  in  an  investigation  on  the  economy  of  gas  pro-             ^^^H 

dueer  engines^  compiled  the  following  fuel  cost  data  for  the             ^^^H 

various  kinds  of  prime  movers  mentioned.    The  fuel  consump-             ^^^H 

tion   figures  were  obtained  in  each   ease   by  €ollalK>rattng  the             ^^^^H 

result!*  of  a  considerable  number  of  teste.    The  costs  per  annum             ^^^| 

were  then  computed  by  assuming  the  cost  of  unit  weight  of  the             ^^^| 

fueh     The  total  time  of  operation  per  year  is  taken  at  3000              ^^^| 

hours,                                                                                                               ^^^H 

Ahkctal  Fuel  Costs  for  Steam  Engineb.     Cost  or  Coai,  Assumed  at                     ^H 

^^w                                  Sa.OO  PER  Ton  of  2000  lbs.                                                      ^^^H 

^^^B            Typt  d  Engine 

B.  H.  P. 

Lbs.  C«il  per  B.  H,  P. 
per  hour 

Cfist  d  Cm]  per  B.  E.                    ^^^^| 

^^Hfeple,  Ron-conde rising  ,  .  .  _ 

50 

5.75 

125.90                           ^^^1 

^nHimplet  condensmg  .  .  .  . , 

100 

4.45 

20.00                           ^^^M 

1    Compound,  condensing    * , . ,  . 

200 

2J4 

^^H 

fc'  Compound^  condensing    .  _  . 

600 

1.97 

BS5                          ^^H 

B  l^ipipouiid,  condendn;;    .... 
B  'Criple  axp*  condensing 

10(X> 

1.90 

BM                         ^^H 

2O0O 

1.S7 

S.40                         ^^H 

■        The  data  available  for  atmm  turbines  m  not  as  extensive  afi             ^^^| 

^K                                 *  Sibley  College  Thesis,  1905.                                                       ^^H 
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that  for  steam  engines,  and  the  range  covered  is  not  so  wide  as 
regards  capacity.  The  following  figures,  also  compiled  by  Mr. 
Day,  show  some  fuel  costs  for  prime  movers  of  this  kind-  The 
working  time  has  again  been  assumed  at  3000  houj^  per  annum. 


Annual  Fuel  Costs  for  Steam  TuRDtNirg.    Cost  of  Coal  Assomep  at  1 

$:i,00  PER   TOH  OF  2000   LBS. 


Number  of  T«ts 


Aifenfe  B.  H.  P. 


616 

1085 

1739 


Ll».a»lper 


1.740 
L735 
1J25 
L655 


CbMof  CalperB.H.E 


The   computations   made   on    lUuminating   and    ncUurai   gm ' 

engines  show  the  following  results.  Time  of  operation  per  year  J 
3(K)0  hours,  cost  of  illuminating  gas  75  cents  per  KKX)  cu,  ft.,  costj 
of  natural  gas  50  cents  per  1000  cu.  ft.  The  latter  assumptionl 
is  high,  since  in  many  localities  natural  gas  is  sold  at  30  or  even 
20  cents  per  1000  cm.  ft.  It  is  a  simple  matter,  however,  to  reduce  ^ 
the  figures  in  the  table  in  the  corresponding  ratio. 

Annuai.  Fuel  Cost  for  iLLtrMiNAXiNo  and  Natoral  Gas  En<3ines, 

OF   iLLUMrNATlNO    C^hA   ASSUMED   AT   75   CENTS,    THAT   OF  NaTUHAI*  GaS 
at  50  CENTS t  PER   1000  CU.  FT. 


Di.  ft.  per  B.  H.  P.-hmtr 

-^ ^ 

Aontitl  Cosl  of  G&K  per  B.  H.  P.  tier  }inr 
of  30Cnbourt 

B.  H.  R 

Kalunil 

fllumiajitjiie 

N^ttinl  G4& 

GSA 

Ga* 

Gu  Eogiim 

Eocioo 

10 

22,0 

, 

$49.60 

124  00 

20 

2L5 

16.0 

48.30 

23.50 

30 

21.0 

15,5 

47.20 

2^vm 

40 

20.5 

15.0 

46-iM) 

22.60 

50 

20.0 

14.5 

44.80 

21.80   ^ 

75 

19.1 

13.8 

42.80 

2O80H 

100 

18.3 

13.0 

41.10 

19  fSO  H 

200 

■ — 

l\A 

-^ 

17.10 

300 

— 

10.2 

— 

15.40 

400 

— 

9.7 

■ — 

14.60 

500 

— 

9.4 

■ — 

14.10 

i 
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For  producer  gas  engines  Day  found  the  following  figures  for 
the  consumption  of  gas  and  of  coal,  from  which  the  fuel  costs  per 
year  of  3000  hours  are  computed  i  assuming  coal  to  cost  14  per 
ton  of  2000  pounds. 


Annual  Fuel  Cciht  or  Producer  Gas  ENdiNEa 

B.  a.  p. 

Cu.  it  of  Ga* 

Lbs.  of  Coal 

Anaual  Coet  fi|  Co«l 

per  B.  H,  P.  hntar 

per  B.  H.  P.-boiir 

per  fl.  H.  P. 

SO 

105 

145 

18.70 

100 

96 

1.35 

8.10 

150 

m 

L23 

7.33 

200 

83 

1.17 

7,03 

250 

79 

IA2 

6.72 

300 

76 

L08 

6.4S 

400 

73 

L05 

6.30 

500 

72 

L03 

6J8 

The  cost  of  the  gas  for  blast  furnace  gas  engines  has  in  many 
computations  l>een  neglected  on  the  assumption  that  this  gas, 
if  not  used  in  engines ,  is  a  mere  waste  product.  Lately,  however, 
it  has  come  to  be  recognized  that  some  value  must  be  assigned  to 
this  fuel  since  money  was  expended  on  it  in  every  case  for  clean- 
ing it  preparatory  to  making  it  hi  for  use  in  engines.  The  ordinary 
method  of  evaluating  this  gas  is  to  compare  its  heat  content  with 
that  of  steam  and  to  assign  a  value  to  the  gas  corresponding  to 
the  cost  of  steam.  Thus  the  cost  of  the  gas  will  in  every  locality 
vary  with  the  cost  of  coal.  As  an  example,  H.  Freyn  *  makes 
the  following  computation: 

"  Let  UB  assume  that  the  price  of  coal  delivered  into  bins  at 
the  plant  be  $2.75  per  ton,  that  the  coal  have  a  heat  value  of 
13,000  B.  T.  U.  per  pound,  and.  further,  that  steam  of  150  pounds 
builer  pressure  or  about  165  pounds  absolute  pressure  be  raised 
by  burning  this  coal  under  boilers.  One  pound  of  steam  will 
then  contain  1225  B.  T,  U.  from  zero  degrees  Fahrenheit.  Assum- 
ing feed  water  at  70  degrees,  there  would  he  required  1 155  B.  T,  U. 
to  generate  1  pound  of  steam  at  150  pounds  boiler  pressure*  In  a 
boiler  plant  having  65  per  cent  efficiency,  1000  pounds  of  coal 

*  H.  Freyn,  Available  Power  and  Cost  of  Operation  of  a  Power  Station 
for  Waste  GaseJi  from  a  Blast-fumaoe  Plant*  Journal  Western  Society  of 
Engineera,  February,   1^06. 
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could    raise   (0.65  X  1000  X  13,000)  4-  1155  =  7300    poimds    crfl 
steam.    The  value  of  1000  pounds  of  gteam  woidd  be  2J5  -^ 
(2  X  7.3)  ^  tO-188,  or  18.8  c.     To  this  mubt  be  added  for  kbof 
and  maintenance  approximately  1  c.  per  1000  pounds  of  £ieam«1 
making  the  total  value  of  1000  pounds?  ^  19.S  c.     KMXf  cu.  ft.  of 
blast  furnace  gas  have  a  heat  value  of  1000  X  90  =  90,fKK)  B,  T.  l^ 
and   are  equivalent  to   (0,65  X  90,000)   -§-  1155  =  51  pounds 
steam,  which  in  turn  are  worth  (51  -^  1000)  X  19,S  ^  1  e. 

"  The  value  of  1000  cu.  ft,  of  blast  furnace  gas  would,  therefore, 
be  1  c/' 

L*  Eberhardt,  in  an  article  in  the  Zeitschrift  d,  V.  d.  I  *  makes 
a  similar  computation,  arriving  at  a  somewhat  different  result. 
Starting  from  the  assumption  that  1000  pounds  of  steam  will 
cost  from  25  to  32  c  according  to  the  price  and  quality  of  coal, 
he  finds  that  1000  cu,  ft.  of  cleaned  blast  furnace  gas  should  have  I 
value  of  from  1 .43  to  1.84  c,  the  gas  having  a  heating  value  of  K 
B.  T.  U,  per  cu,  ft.  This  is  considerably  higher  than  the  value 
found  by  Freyn,  which  is  mainly  due  to  the  lower  grade  of  coa 
(11,650  B.  T.  U,  per  pound)  and  the  higher  grade  of  gas  assume 

To  get  some  idea  of  the  fuel  cost  of  blast  furnace  gas  powe 
as  compareil  with  steam  fjower,  Eberhardt,  in  the  article  men- 
tioned, gives  the  following  tables.     The  original  tables  give  the 
cost  per  B,  H.  P.  hour,  but  these  have  been  recomputed  to  tl 
basis  of  a  year  of  3000  working  hours,  to  make  them  directly  coii^ 
parable  with  the  figures  in  previous  tables. 

Annual  Fuel  Cost  of  Blasi^furnacb  Gas   Engines.     IIeatlvg   Valoi 
or  Coal  taken  at  11650  B,  T.  U,  per  lr,     Hkating  Value  or  Gji 
Taken  at  102  B.  T.  U.  peh  cu.  rr. 

Co«t  of  ccMil  per  ton  of  2000  Iba, .  _  _  ,  dollara 
Cost  of  IDOO  lbs.  of  steam    .**.....,  .cents 
C^st  of  1000  cu.  ft.  of  gas  .  . , .cents 

A  fair  blast  furnace  gas  engine  will  show  the  following  fue 
consumption : 

At  full  load    99  cu.  ft.  of  gas  per  B,  H.  P.  hour. 
At  ^ff  load  106  *' 

At  /o  load  113  *'  *'  " 

At  I  load      122  '*  **  •' 

At  i  2  load  131  "  '^  •' 

*  June  3,  1905. 


2  34 

275 

2i.ia 

24.8 

28.4 

31  Jj 

1.43 

I.IH 

1.^ 
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With  these  assumptiona  of  gas  consumption  per  B.  H.  P.,  and 
of  local  cost  of  coal,  the  fuel  costs  per  B.  H.  P,  per  year  of  3000 
houi^  will  then  be  as  per  the  following  table ; 


Fff  Cent  fuU  hov^  on  Eflifnc 

100 

00 

m 

m 

50 

AonuaJ  Cost  of  Blast  FumAC«  Gu  per  B.  H^  P.    I>oUim 

$2M 
2.75 

4.20 

5.46 

4.55 

BAB 
d.S3 

4.87 
5.55 
6.23 

5:25 
5.97 

6.72 

5.63 
6.42 
7.20 

I 
I 


The  fuel  cost  of  operating  on  gasoline  as  fuel  is  of  course  con- 
Biderably  higher  than  any  of  the  figures  above  quoted.  The  itsual 
aasiiinpiion  made  in  regartl  to  gasoline  engines  is  that  they  will 
require  1  pint  of  gasoline  per  B.  H.  P.  hour.  This  corresponds 
to  a  thermal  efficiency  of  aixnit  18  per  cent  on  the  brake,  a  figure 
which  should  be  reacheil  by  a  fair-sized  engine  In  good  condition. 
For  the  smaller  machines,  however,  one  point  is  perhaps  some- 
what low,  and  for  say  a  2  horse-power  machine  a  consumption  of 
2  pints  per  B.  H,  1\  hour  is  probably  a  safer  assumption.  It 
-should  also  be  borne  in  mind  that  the  purchase  price  of  gasoline 
varies  sfjmewhat  with  the  quantity  bought.  The  following  table 
of  fuel  costs  takes  these  various  points  into  account. 

FuBL  Cost  por  Gasoline  ENGir^ES  fku  B.  II,  P,  per  Year  of  3000  Working 

HotTRd 

SUe  of  Enj^ine,  B.  H.  P 2  4  6  10  20 

Ci^t  of  ga^line  per  gal.^  eent«  .....          20  IS  16  14  13 
Consumpiion  of  gasuline  per  B.  H.  P. 

hr,  gallons .25  .20  J8  .15  .12 

Fuel  coat  ptT  B,  IL  P.  per  year,  dollars  150.00  108.00  86.40  &3.00  46.80 

(e)  Cost  of  Water  for  Coolikg  anu  Washing,  Many  esti- 
mates of  total  operating  costs  totally  neglect  the  cost  of  water 
for  cooling  and  washing  purposes  required  for  the  plant,  although 
in  many  localitievS  thb  may  amount  to  a  considerable  item  of 
expense.  In  general  ternis^  where  water  has  to  be  brought  from 
city  tnaina,  it  pays  to  install  cooling  apparatus  of  some  kind. 
Of  CDurae  for  small  installations  this  may  be  simply  a  tank  from 
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the  Biirface  of  which  the  heat  is  radiated*  The  tank  is  connected 
at  top  and  bottom  with  the  water  jacket  of  the  engine,  and  the 
water  eirculiites  by  convection.  Where  such  a  eoohng  tank  caar 
not  be  placed  in  the  immediate  vicinity  of  the  engine,  and  con- 
nected to  the  jacket  by  short  straight  pip^,  a  circulating  pump 
of  some  kind  must  be  used.  As  the  size  of  the  installation  grows, 
cooling  towers  or  cooling  ponds  have  to  be  resorted  to»  unless  an 
abundant  source  of  clean  w^ater  is  available  without  cost,  excej:rt. 
that  of  pumping;  Under  such  conditions  the  cost  of  cooling 
water  is  very  materially  reduced.  With  any  kind  of  coolin 
system  the  cost  then  consists  of  the  cost  of  pumping  plus  t  he  cc 
of  any  de-an  water  that  must  be  supplied  from  time  to  time 
replace  that  lost  by  evaporation.  Of  course  it  is  not  possible 
give  any  definite  figures  for  this  cost  item,  because  it  depends 
upon  the  cost  of  water  in  the  particular  locality,  upon  the  tota 
amount  of  water  circulated,  and  upon  the  kind  of  pumps  us 
A  few  figures  for  the  amount  of  water  required  or  in  circulation 
per  B.  H.  P.  hour  arc  given  below. 

In  a  producer  plant  an  additional  amount  of  water  is  requir 
for  the  producers  and  scrubbers.    The  water  vii|Kjrized  for  tl: 
producers  of  course  is  not  again  available.     That  used  for  tl 
washing  plant  is  in  general  subject  to  the  same  considerations 
that  used  for  cooling  the  engines.     But  where  a  cooling  system  : 
used  for  both,  they  should  never  be  combined,  l>ecause  the  re-^ 
quirements  for  clean  cooling  water  for  the  engines  are  much  more_ 
strict.    The  scrubber  water  usually  carries  considerable  quant  it  ie 
of  sediment  and  is  contaminated  with  ammonia  and  sulfur  cor 
pounds,  so  strongly  in  some  cases  as  to  give  it  a  very  noxiot 
odor«     In  such  cases,  settling  tanks  and  ponds,  together  with  a 
considerable  addition  of  clean  water,  seem  to  be  the  only  remedies 
to  recover  at  least  a  part  of  t  he  water. 

The  approximate  quantity  of  cooling  water  required  may  be 
fignreil  from  the  following  considerations: 

One  horse-power,  assuming  an  engine  efficiency  of  say  25 

2545 
cent  at  the  cylinder,  requires  the  expenditure  of  -^^^  =  10,200 

B.  T,  U.  per  I,  H.  P.  hour. 


25 


The  jacket  loss  approximates  ahou 
40  per  cent  of  the  heat  expended,  that  is^  in  this  ciise  the  jaek€ 
water  must  carry  off  .40  X  10,200  -  4080    B.  T.  U.  j^r  hoi 
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Assuming  the  inlet  temperature  at  70  degrees,  the  outlet  at  150 

d^rees,  we   find   the   number  of  pounds   of  water  required  = 

4080 
approx.  T— — —  =51  pounds  =say  6 J  gallons  per  I.  H.  P.  hour 
150—70 

at  full  load. 

The  following  figures  from  various  sources  show  how  this 
estimate  agrees  with  others  and  with  some  data  from  actual 
practice. 

W.  Heym,  in  the  Gasmotorentechnik*  states  that  a  producer 
plant  requires  per  horse-power  hour  6.5  gallons  for  the  engine, 
4  gallons  for  the  scrubber,  and  .13  gallons  for  the  producer  vapo- 
rizer. 

Freyn,  in  the  paper  already  mentioned,  makes  the  following 
estimates  for  a  blast  furnace  gas  plant  of  10,500  B.  H.  P.  Theissen 
washers  are  used  to  clean  the  gas. 

Gallons  of  Cooling  Water  Required 


Loftd  on  Engines 

For  the  Engines  per  B.  H.  P.-hour 

For  the  Washers  per  1000 

cu.  ft.  of  gas  cleaned 

per  minute 

FuU 
} 
i 

8.5 
10.5 
13.0 

12.0 
14.0 
16.0 

Frejoi  also  estimates  that  if  the  plant  is  located  near  a  stream 
of  water,  the  cost  of  pumping  would  probably  be  in  the  neighbor- 
hood of  2  c.  per  1000  gallons. 

J.  R.  Bibbinsf  on  a  51-hour  test  of  a  500  horse-power  Westing- 
house  horizontal  engine,  reported  a  water  consumption  for  the 
engines  only  of  9.4  gallons  per  B.  H.  P.  hour  at  full  load.  The 
same  authority  reports  a  figure  of  5.65  gallons  perB.  H.  P.  hour  J 
found  on  similiar  engines  in  another  plant. 

In  conclusion  it  should  be  said  that  the  water-consumption 
of  gas  engines  depends  somewhat  upon  the  size  of  the  cylinder. 
Thus  a   single-acting  cylinder  of   very  large  diameter  usually 

*  November,  1907. 

t  J.  R.  Bibbins,  Proceedings  A.  S.  M.  E.,  Mid-November,  1907. 
t  J.  R.  Bibbins,  Gas  Driven  Electric  Power  Station,Proc.  of  the  Elng.  Soc. 
of  W.  Pa. 
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requires  more  cooling  water  than  two  single-acting  or  one  double- 
acting  eylinder  of  the  same  capacity.  Skilful  attendance  also 
is  a  considerable  factor  in  the  amount  of  cooling  water  used,  a 
point  which  is  very  often  neglected, 

(/)  Oil  akd   Wa^ste.     The  consumption  of  lubricating  oil  per 
B.  H*  P.  hour  depends  upon  the  size  of  the  engine  and»  as  in  the 
case  of  cooling  water,  largely  also  upon  the  care  of  attendants, . 
It  is  also  true  that  new  machines  may  for  a  time  require  two  or] 
three  times  the  ordinary  amount  of  oil  imti!  all  the  parts  have] 
become  adjuisted  to  their  service.     In  large  and  me<:Hum  sized  | 
plants  it  is  usual  to  employ  a  gravity  or  circulating  system  of] 
oiling,  in  which  case  the  oil  is  reco veered »  filtered,  and  again  used. 
In  such  systems  the  cost  of  oil  is  a  small  item  and  consists  mostly 
of  the  cost  of  oil  necessary  to  replace  that  unavoidably  lost.    Of  1 
course  none  of  the  cylinder  oil  useii  is  recovered. 

Giildner  estimates  that   the  consumption  of  lubricatiog  oil' 
usually  varies  from  iK)6  to  .008  pints  of  oil  per  B.  H.  P. -hour,  and 
that  under  favorable  conditions  .003  pints  per  B.  H.  P.-hour  may 
be  reached.     L.  L,  Brewer  finds  that  the  consumption  for  the  large 
engines  quoted  in  the  table,  page  552 ^  varies  from  ,0045  to  .0055] 
pints  per   B.  H.  P,-hour,  and  that  in    double-acting    twi>-cyclej 
engines  the  consumption  may  be  as  low  as  ,0035  pints. 

The  following  table  compiled  by  J.  R.  Bibbins  and  published] 
in  the  paper  before  the  Society  of  Engineers  of  West  Pennsylvania, 
already  quoted,  shows  the  actual  oil  consumption  in  a  plant  ctm*] 
taining  two  horizontal  Westinghouse  engines  of  500  horse-powerj 
each,  direct   connected  to   3(XJ   K.  W.   genemtors.     The   figtiresi 
cover  a  period  of  four  months  and  the  results  should  therefort?  l>e  j 
very  relialjle.     The  system  of  oiling  used  is  of  the  continuouaj 
circulating  and    filtering   type.     The  consumption   amounts  to 
.00202  pints  of  cylinder  oil  and  .00286  pints  of  engine  oil  pt*r 
horse-power  hour,  which  agrees  well  with  the  figures  given  by| 
Brewer* 
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Oil  Consumptiok 
:  month  a  eadiiig  Simdajr,  May  23,  1906 

CYLINDER  OIL* 


ENGINE  OIL  t 


I 

\ 


Kind  , .  , , , Imperial  Cylinder  Oil  Special  Gas  Engine  Oil 

Mak(.*r  _  _ Utiiori  Pptroleum  Co,,  Philadelphia 

Price  (barrel  lots)    ,,..,,, ....  32  eent^  per  Gal.  IS  cent«  per  GaL 

Quantity  used  , , ....._  .  .561  Gals.  765  Gala. 

Quantity  nmd  per  month HQJ  Gals.  191 1  Gals, 

Quantity  used  per  (opr%0  day  .  . ,     4.68  Gala.  6,38  Gala. 

Quantity  used  per  full  day 6.07  Gula.  8.27  Gals. 

Enpne  Hours  per  day  .,..,....  37  37 

Engine  H.P.  Hours  per  day  ...    18500  18500 

Oil  per  Engine  Hour 0.127  Tfala,  0,172  Gals. 

Oil  pc*r  H,P.  Hour 0.00(1253  Gals.  O.OOa345  Gala. 

Cost  {>er  Engine  Hour 4  Oo  eenta  3.1  cents. 

Cost  per  H.P.  Hour 0.00^09  0,00621 

Total  Cost 0.0143  cents  per  H.P.  Hour 

The  cost  of  cotton  waste  or  other  cleaning  material  is  an  item 
very  bard  to  estimate^  and  in  any  case  of  little  influence  on  the 
final  result.  It  is  usually  combined  ^vith  the  cost  of  oil,  and 
sotne  figures  for  this  combined  cost  will  be  found  in  the  estimates 
of  total  operating  costs  at  the  end  of  this  chapter. 

ig)  AmENDANCE.  The  statement  very  often  carelessly  made 
with  regard  to  small  gas  engine  installations,  that  they  require  no 
waiting  on,  is  of  course  not  quite  the  truth.  The  fact  is  that  a 
small  gas  or  gast>liive  engine,  if  in  good  order,  does  not  require, 
after  starting,  much  attending  except  the  proper  handling  of  the 
lubricators.  In  this  respect  the  gas  power  installntion  has  an 
advantage  over  the  small  steam  power  plant,  \^^he^e  at  least  one 
man  is  generally  required  all  the  time.  For  small  natural  gas  or 
illuminating  gas  engines,  therefore,  it  is  possible  to  employ  the 
** engineer,"  to  use  a  familiar  term,  somewhere  else  at  least  part 
of  the  time,  but  naturally,  as  the  size  of  engine  increases,  this 
spare  time  decreases,  and  it  is  doubtful  if  suction  gas  plants,  no 
matter  how  small,  can  get  along  with  less  than  one  man's  entire 
time. 

The  general  methods  of  taking  care  of  medium  sized  and  large 

♦Includes  cmnk  case  oil  for  exciter  engines.  Drainagi?  from  glands  of 
main  engines  collected,  mixed  with  old  engine  oil  and  used  m  crank  case.  No 
crank  case  oil  purchaaeii, 

t  Includes  oil  consumption  of  auxiliaries.  Sufficient  quantity  old  engine 
oil  draT^Ti  from  eirculating  syitem  to  supply  auxiliaries  replaced  by  fresh  oil 
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gas  engines  are  perhaps  not  far  different  from  those  used  in  steal! 
engine  practice.  It  cannot  be  denied,  however,  that  gas  engine 
have  much  more  opportunity,  so  so  speak,  to  go  wrong,  Thiit  i.h, 
jacket  water,  lubrication^  igniters,  valves,  etc.,  all  need  carefu 
looking  aft'ir,  and  any  of  these  things,  if  neglected,  may  cai 
a  sh  ut  do  \vxi ,  W  h  ile ,  t  heref ore ,  st  ea  ni  engi  ne  a  t  tendan  t  s  ge  ne  rally 
accustom  themselves  to  the  new  service  very  quickly,  it  would  be 
wrong  to  assume  that  they  can  in  general  take  care  of  a  gus 
engine  plant  without  some  instruction  and  practice.  Of  course 
the  larger  the  plant p  the  more  important  this  point  becomes. 

There  seems  to  be  nothing  in  English  engineering  literature 
to  give  an  approximate  idea  of  the  time  actually  required  in 
attending  gas  engines,  Giildner  proposes  the  following  equation 
apparently  based  on  practical  experience: 
For  illutninathig  gas,  natural  gas  and  oil  engines^ 

W^  =  .25V^„  houm. 

For  suction  gas  plants  IF—  L25vA^w  hours 

where  W  ==  time  of  attendance  required  in  hours  per  day 

hours  and  N^  =  rated  capacity  of  plant. 

Thus,  for  instance,  a  100  horse-powder  natural  gas  engine  woulj 
actually  require  about  .25  VIOO  =  2,5  hour^  In  a  10- hour  shif 
Hence  the  attendant's  time  could  be  largely  used  somewhere  els 
On  the  other  hand,  a  100  horse-power  suction  gas  plant  wou 
actually  require  1.25  V  100  =  12.5  hours,  which  meauB  that  U 
men  will  have  to  be  employed. 

Where  a  station  is  made  up  of  several  smaller  units  and  pr 
ducers,  the  cost  of  attendance  naturally  increases.     Thus  if  the^ 
*  are  n  units  in  a  plant  of  N^^  horse- power  total,  Giildner  states  tliaf 
the  actual  time  required  per  operating  day  of  the  plant  may  b©_ 
expressed  by 

W  =  1 .25  V;iJV^  hours. 

Thus  if  we  take  n  1200  horse-powTr  suction  gas  plant  made 

up  of  4  units  of  300  horse- power  each, 


W  =  L25  v^4  X  mx)  -  86,5  hours, 
which  would  mean  the  service  of  9  men  in  the  10-hour  shift ," 
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this  capacity  had  been  put  in  one  unit,  the  time  would  have  been 
IT  =  1.25  V12OO  =  43.5  hours, 

which  would  have  called  for  only  5  men  per  shift. 

If  in  any  of  the  above  equations  we  introduce  the  hourly  wage 
scale,  we  may  express  the  cost  of  attendance  per  B.  H.  P.  per 
hour.  Thus  if  the  scale  should  be  20  c.  per  hour,  we  would  have  for 
illuminating  gas,  natural  gas,  or  oil  engines,  for  the  10-hour  shift, 

Cost  per  B.  H.  P.-hour  =  ^Q  X  ^5  ViV,  _  _^^  ^^ 

^  10  Nn  VNn 

For  suction  gas  plants, 

Cost  per  B.  H.  P.-hour  =  ^^^ji^t        '^  -  4^  cents 
^  10  Nn  VNn 

and  for  large  suction  gas  plants  of  n  units, 

n    *         15   XI   o  u            20  X  1.25  VniV„      2.5  Vn 
Cost  per  B.  H.  P.-hour  =  — ^  ^^  .- ?  =  — .=:.-  cents. 

10  Nn  VNn 

There  is  little  data  available  to  check  the  accuracy  of  these 
formulae,  but  the  two  or  three  instances  cited  by  various  authori- 
ties for  the  labor  cost  in  suction  gas  plants  check  very  well  with 
the  results  of  the  formula. 

(h)  Maintenance  and  Repairs.  The  expenditures  for 
maintenance  and  repairs  of  a  gas  engine  installation  should  not 
exceed  3  per  cent  of  the  purchase  price  of  the  engines  and  pro- 
ducers. There  is  no  doubt  that  this  item  may  easily  run  to  10 
per  cent  and  over,  especially  if  in  a  producer  plant  insufficient 
attention  is  paid  to  cleaning  the  gas.  But  such  conditions  are 
not  normal  and  should  not  occur  in  good  practice. 

Freyn  states  that  the  following  are  average  figures  for  repair 
accounts  for  a  blast  furnace  gas  station : 

2J  per  cent  per  year  of  the  price  of  the  engines  and  electric 
generators. 

7  per  cent  per  year  of  the  price  of  the  cleaning  plant. 

5  per  cent  per  year  of  the  price  of  the  air  compressor  used  for 
starting. 

2  per  cent  per  year  of  the  price  of  piping,  etc. 

To  this  may  be  added  from  1  to  2  per  cent  of  the  cost  of  the 
building  as  maintenance  for  the  building. 
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Total  Operating  Costs  and  Cost  as  Compared  with  other 
Prime  Movers  —  As  in  the  case  of  fuel  costs,  the  information 

available  in  engineering  literature  on  total  operating  costs  h  of 
two  kinds.     In  the  first  kind  the  estimates  are  ba;^  entirely 
upon  hypothetical  assuinptionSf  in  the  aecoml   the  results  ar 
those  obtained  in  actual  operation.     Again,  the  latter  informa-' 
tion  is  of  course  of  much  greater  value,  but  except  for  large  in- 
stallations little  of  this  class  has  been  made  public.     Especially 
as  regards  small  installations  of  gasoline,  oil  and  illuminating  gn 
engines  there  seems  to  be  an  almost  absolute  lack  uf  data  referring 
to  total  operating  costs.     For  that  reason,  in  order  to  get  somi 
idea  of  costs » it  will  be  necessary  for  the  time  lieing  to  depend  up«ia1 
cost  computations  based  on  assumptions.     In  any  concrete  cai§aj 
these  assumptions  should  be  carefully  scanned  to  see  how  the| 
agree  with  actually  existing  conditions  before  forming  a  final  idea 
of  operating  cost. 

The  data  available  from  arttial  practice  is  mainly  due  to  MrJ 
.1,  R.  Bibb  ins  ♦  and  others,  of  the  Westing  ho  use  Machine  Com- 
pany, and  of  course  relates  to  Westinghouse  engines.     This,  how- 
ever, does  not  preclude  their  applicability  to  tither  similar  plantaj 
This  information,  combined  with  that  from  a  few  English  planti3|| 
is  about  all  that  can  1>e  cited  at.  the  present  writing. 

Hypothetical  computations  are  nearly  all  made  on  a  compara- 
tive basis.  Of  this  kind  arc  the  tables  published  i>y  VV.  O.  Webljer 
in  the  Engineenng  News,  August  15,  1907.  It  is  not  easy  to  give 
a  concise  abstract  of  the  various  factors  assumed  in  the  compu- 
tation  of  these  tables,  and  for  that  reason  they  are  given  in  full, 
except  for  electric  pow^er  which  does  not  especially  interest  us  here* 


*  The  following  h  a  pariifil  list  of  the  valuable  papers  published! 

J.  R-  Bibbins,  Gaa  Drivejj  Electric  Power  8y sterna,  Wairc-n  &  Jn^nie^town  | 
Street  Railway,  Eng.  Soc,  of  W.  Pa*;  Gas  Power  for  Cent  ml  Stations,  Am. 
Jnst.  of  E.  E,,  New  York.  Decemlwr  18,   190.3:  Pnducer  Gas  Power  Plant, 
Proc.  A.  S.  M.  E..  Deeetiil>er.   ItMW;  AppKeation  of  CSas  Power  to  CentmtJ 
SUtiori  Work,  National  Elec.  Lipht  A.saoc.,  Washin^lon,  D,  C,  June,  l!l07if 
Duty  Test  on   Oils   Power  PJant.   Proc.   A.  S.  M,  E.,   Mid-Noveml«.^r,    I1M>7; 
and  A,  We.^t,  Ous  Power  in   Elect  rie   Riiil way  Work.   American   Stneot   &^ 
Interurban  Railway  Assoc.,   Philadelphia  Convention,   1905. 

E.  E.  Arnold,  Tlie  High  Power  Interna!  Cotnbiistion  Enpine  and  itfl  Fit 
nesa  for  Central  Station  Work.  New  England  Slreij't  Rfiitway  Club,  March,  1904, J 
Reprint  from  Power^  Deeernberp  1903,  A  Gas  Engine  Pumping  HUition*' 


COST  OF  INSTALLATION  AND  OF  OPERATION      569 

Cost  of  Gasoline  Power 

Size  of  plant  in  H.P 2  6  10  20 

Price  of  engine  in  place $150.00  $325.00  $500.00  $750.00 

Gasoline  per  B.  H.  P.  per  hour. .  i  gal.  i  gal.  i  gal.  i  gal. 

Cost  per  gaUon $0.22  $0.20  $0.19  $0.18 

«  cost  per  3,080  hours $451.53  $924.00  $975.13  $1,386.00 

Attendance  at  $1  per  day  .... .  308.00  308.00  308.00  308.00 

InleresL,  5  per  cent 7.50  16.25  25.00  37.50 

Depreciation,  5  per  cent 7.50  16.25  25.00  37.50 

Repairs,  10  per  cent    15.00  32.50  50.00  75.00 

Supplies,  20  per  cent 30.00  65.00  100.00  150.00 

Insurance,  2  per  cent    3.00  6.50  10.00  15.00 

Taxes,  1  per  cent l^  3.25  5.00  7.50 

Power  cost    $824.03  $1,371.75  $1,498.13  $2,016.50 

To  these  figures  should  be  added  charges  on  space  occupied  as  follows: 

Value  of  space  occupied $100.00  $150.00  $200.00  $300.00 

Interest,  5  per  cent $5.00  $7.50  $10.00  $15.00 

Repairs,  2  per  cent    2.00  3.00  4.00  6.00 

Insurance,  1  per  cent    1.00  1.50  2.00  3.00 

Taxes,  1  per  cent 1.00  1.50  2.00  3.00 

Totol  annual  charge  for  space    yj.OO  $13.50  $18.00  $27.00 

Total  cost  per  annum ."$833.03  $1,385.25  $1,516.13  $2,043.30 

Cost  of  1  H.P.  per  annum,  10 

hour  basis 416.51  239.87  151.61  102.17 

Cost  of  1  H.P.  per  hour    $0.1352  $0.0780  $0.0492  $0.0331 

Cost  of  Gas  Power 

$1.50  per  1000  cubic  feet  of  gas  less  20  per  cent,  if  paid  in  10  days  =  $1.20 
net,  gas  760  B.  T.  U. 

Size  of  plant  in  H.P 2^_  6  10  20 

Engine  cost  in  place    ^200.00  $375.00  $550.00  $1,050.00 

Gas  per  H.P.-hour  in  cubic  feet .     30  25  22  20 

Value  of  gas  consumed,  3080 

hours   $221.76  $554.40  $843.12  $1,478.00 

Attendance,  $1  per  day    308.00  308.00  308.00  308.00 

Interest,  5  per  cent 10.00  18.75  27.50  52.50 

Depreciation,  5  per  cent 10.00  18.75  27.50  52.50 

Repairs,  10  per  cent    20.00  37.50  55.00  105.00 

Supplies,  20  per  cent 40.00  75.00  1 10.00  210.00 

Insurance,  2  per  cent    4.00  7.50  11.00  21.00 

Taxes,  1  per  cent 2.00  3^         5.50         10^ 

Power  cost $615.76  $1,023.65  $1,387.62  $2,237.50 

Annual  charge  for  space 9.00  13.50         18.00  27.00 

Total  cost  per  annum $624.76'  $1,037.15  $1,405.62  $2,264.50 

Cost  of  1  H.P.  per  annum,  10 

hour  basis 312.38  172.86  110.56  143.22 

Cost  of  1  H.P.  per  hour $0.1014  $0.0561  $0.0456  $003.67 
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Goer  or  Bteam  Pow^b 

Size  of  plant  in  n,P, * 6  10 

Cost  of  pknt  per  H.P ,.,......  .125000  t220.0Q 

Fixed  charge,  14  per  cent 135.00  i:iO.SO 

Coal  per  H.P.-hour,  in  pounds *_    20  15 

Coat  of  coal  at  S.5  t>pr  ton .1154.00  $103.00 

Attendance,  3080  hours   . . .........     75.00  50.00 

Oil,  waste  and  supplies  .  * 15.00  10.00 

Cost  1  H.R  per  annum,  10-hour  hems  , . .  ,1279.00  1194.80 

^Coat  of  1  H.P.  per  ht>ur .10.0906  |0.08;S2 

Annual  Cost  op  Power  Per  Brake  Horse-Power  ♦ 


20 


S2oooa. 


$2SX 


12 


$82.50 

30.00 

6.00 


$146.^ 
$0.0475 


B.  H.  P,  of  Unit 

SteaiD 

Gu 

Oftsafiat 

1 

$500.00 
.tOOIJO 
4:i7.50 
■i75.00 
32O00 
280.00 
2.'jO.00 
230.00 
21000 
195.00 
175.00 
105.00 
l.=j7.50 
15000 
146.00 
14000 
137.50 
1 33.00 
130.00 
127-.50 
124JX) 
l20.fJO 
112.50 
Rhj.OO 
100.00 
05.*K) 
fK>.50 
86.40 

$380.00 

m2.m 

2fiO.OO 
220.00 
102.50 
172.50 
100.00 
152.50 
145.00 
140.00 
132.50 
126.00 
120.00 
116..50 
113.00 
110.00 

I07..^>n 

105.00 
102.50 
102.00 
UKIOO 

iKH.fJO 

90.00 

94.tM* 

92.00 

90.00 

88.00      1 

86.00 

$487.50 

2  . . .    . , 

416.00 

3  .           .      _  , 

3.^10,00 

i 

300.00 

5.. 

6 

7  .......................... . 

g ...,..,. . . .  . , 

202.50 
240,00 
210,00 
182.50 

9 .-, 

10 , 

165.00 
152.00 

12 

137 .5<J 

14-..    .,  .-,.....i*......      . 

122  00 

16..... 

18  , , . - 

20  ...,.,.,.,... 

112..^» 
107..T0 
102.00 

22 

^iH.OI) 

24 

95.00 

^ _    , , 

02.iiO 

2S 

30... 

36 

40.. 

60 

60... 

ro..............  .. 

80... , 

90 ,. 

90,00 
87.50 
8,'>,00 
82.50 

80.00 

mm 

76.00 
7400 
72110 

100.. 

70  00 

Attention  is  called  in  these  tabies  to  the  high  allowance  for 
repairs  in  the  case  of  the  gasoline  and  gas  engine  and  the  high  coal 
consumption  a^umed  for  the  steam  engine. 

Another  interesting  comparison  is  that  made  by  H.  A,  Clark_ 

♦Uait  costa:  Coal,  $5  per  ton;  gas  $1.20  per  1000  nubic  feet,  &1   70 
B.  T.  U. ;  gasoline,  $0.20  per  gallon. 
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in  a  paper  on  the  Dieael  Engine.*  In  this  case  the  computations 
are  carried  out  for  three  sizes  of  Diesel  engine,  Croseley  Gaa 
Engine  and  Dowaon  producer,  and  high-speed  compound  con- 
densing steam  engine.  The  conditions  assumed  are  partly  as 
follows,  the  remainder  being  given  in  the  table  itself. 

Cost  of  fuel  delivered: 

Diesel  engine,  crude  oil  at  $10.90  per  ton  =  appr*  3,8  c.  per 
gallon. 

Crossley  engine,  anthracite  at  $5.70  per  ton. 

Steam  engine,  coa!  at  $3  per  ton. 
The  fuel  cost  is  based  on  the  following  assumption! 

For  the  Diesel,  the  consumption  has  been  taken  in  each  case 
as  the  mean  Ijetween  full  and  half-load  rates.  These  rates  were 
actually  determined  by  tests. 

For  the  Crossley,  1.5  to  1.25  pounds  of  coal  per  B.  H.  P,  hour 
plus  an  allowance  for  stand-by  lasses. 

For  the  steam  engine,  4  to  3.5  pounds  of  coal  per  B.  H.  P,  hour 
for  the  lowest  and  highest  powers,  assuming  an  evaporation  of 
8  pounds  of  water  per  pound  of  coal. 

The  cost  figures  in  the  original  table  have  all  been  transposed 
to  dollars  and  cents.  The  computations  are  based  on  a  year  of 
2700  working  hours. 

In  the  discussion  on  Clark's  paper,  the  cost  computations 
were  rather  severely  criticised,  mainly  on  account  of  the  fuel 
costs  assumed.  The  claim  was  made  that  both  the  coal  consump- 
tion for  the  steam  engine  and  the  cost  of  the  steam  coal  was 
assumed  too  high,  and  that  the  cost  of  oil  at  3.8  c.  per  gallon  could 
only  apply  to  seaboard  towns.  As  far  as  American  conditions 
are  concerned,  the  assun)ption  regarding  the  steam  engine  would 
seem  to  be  about  right,  while  the  cost  of  anthracite  at  $5.70  per 
ton  for  tlie  gas  engine  is  certainly  not  too  low.  On  the  other 
hand,  the  price  of  3.8  c.  per  gallon  for  the  crude  oil  would  seem  to 
favor  the  Diesel  engine.  It  all  comes  to  the  point  that  applies 
to  all  computations  of  this  kind,  and  that  is  that  the  results  are 
strictly  applicable  only  to  the  locality  for  which  they  are  com- 
puted. Allowing  for  pos-sible  difference  in  the  labor  costs,  how- 
ever, it  seems  to  the  writer  that  the  comparison  is  quite  fair  as 
between  the  steam  and  the  gas  engine. 

*Proc.  of  M,E.,  imi3.  II. 
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As  a  final  example  of  this  kind  of  hypothetical  corn  pu  tat  ion  ^ 
the  following  table  is  given.  The  figures  are  due  to  Mr,  L.  G. 
Find  lay  of  the  De  La  V^ergne  Mat-hine  C'ornpany  of  New  York. 
They  were  presented  at  the  Dayton  meeting  of  the  Ohio  Society 
of  Mechanical,  Electrical,  and  Steam  Engineers,  and  were  pul> 
lished  in  Power »  July,  1907.  The  taljle  is  very  complete  and  wouki 
repay  careful  study.  I^pecially  interesting  is  the  effect  of  the 
load  factor  on  operating  costs.  This  factor  is  here  defined  as 
the  average  load  on  the  plant  divided  by  the  rated  capacity  of  the 
plant. 

In  Clark's  tables  above  no  mention  is  made  of  the  load  factor 
and  it  is  evidently  assumetl  to  be  HX)  per  cent.  That^  however, 
is  a  condition  existing  and  inaintained  in  very  few  plants.  In 
fact,  if  it  were,  it  w*ould  be  poor  enginec^ring,  as  it  gives  the  plant 
but  very  little  overload  capacity.  The  marked  effect  that  a 
decrease  of  the  load  factor  from  100  per  cent  to  50  per  cent  has 
upon  operating  costs  is  very  clearly  brought  out  in  the  table. 
In  the  tables  given  below  for  actual  cost  data,  the  load  factor 
is  in  njost  cases  even  lower  than  this. 

In  the  discussion  on  the  results  of  the  table  following  its 
presentation,  the  steam  men  objeetetl  to  the  comparison  Ix^tween 
the  steam  and  gas  plants  at  the  rated  load,  on  accomit  of  the 
much  greater  overload  capacity  of  the  steam  engine  plant .  Lines 
36,  37,  38,  and  39  of  the  table  are  computed  on  the  assumption 
that  SO  per  cent  of  the  steam  used  by  the  engines  is  available  for 
heating,  but  no  standing  charges  are  made  against  the  heating 
plant. 

Turning  next  to  data  from  actual  practice,  the  first  of  the 
following  tables  was  given  by  Mr.  J.  E,  Dowson  in  a  paper  in  the 
Journal  of  the  InHhtttle  of  Electrical  Engineers  April,  1904. 
The  tal.)le  refers  to  results  obtained  in  two  English  plants;  the  first 
is  equipped  with  Dowson  generators  and  Crossley  engines,  the 
second  with  the  same  type  of  producer  and  Westinghi>use  vertical 
engines  of  comparatively  small  size.  In  spite  of  the  higher  cost 
of  coal,  the  greater  capacity  of  the  VValthamstow  plants  brings 
down  the  wage  and  repair  items  enough  to  make  I  he  total  works 
costs  not  far  different.  The  table  only  gives  works  cost,  and  it 
should  be  rememl>ered  that  the  results  apply  to  English  condi- 
tions. 
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The  second  and  third  tables  following  are  due  to  Mn  J*  R. 
Bibbins  of  the  Westinghouae  Machine  Company  and  were  pub- 
lished in  a  paper  on  the  Application  of  Gsta  Power  to  Central 
Station  Work,  read  before  the  National  Electric  Light  Assoi'ia- 
tion  at  Washington,  June^  1907,  Both  of  the  stations  mentioned 
use  natural  gas  for  fuel,  but  the  Bradford  plant  is  equipped  with 
rather  small  Westinghouse  vertical  engines^  while  the  Warren 
and  Jamestown  station  contains  two  large  direct  connected  umts 
of  500  horse-power  each.  In  both  cases  the  load  factor  is  con- 
siderably less  than  50  per  cent ;  in  the  case  of  the  Bradford  plant 
it  is  only  about  19  per  cent.  The  figures  for  the  latter  plant  are 
remarkable  for  the  length  of  time  covered,  8 J  years. 
Works  Cost  of  Opehating  Gas  Plants 


Capacity  tested  *,..,..... 
Nvimber  .........,.**».. 

Make . 

Length  of  mil  .,,.,....., 

Loa*l  factor 

K.  W,-hoiir  generated  .  >  *  ♦ 
Remarks  —  service    .,,.., 

Duty  of  plant:  * 

Lbs.  per  K.  W -hour   

Lbe.  per  B.  H.  P.  .    . 
Cost: 

Coal  tier  ton    .    . . , , . . 

Fuel  per  K.  W.-hour.  , .  ,  . . 
Oilj  waste,  water    .,,,,... 

Wagi*a    ,    .  , .  , 

Total  works  cost  power, 
cents  per  K.  W.-hour  , 


Auihoriiij: 


FbiM 


Mtifljmd  RftiliTAf  C^.. 
Leiccito' 


Urbwi  OiflJiicI  St*tIo«, 
Wulllmmslow 


Crosale 
5  montfis 


iiey 

nths 


loOO 

7 

Westim^houio' 

12  months 
15.25 
200497  i  a>9756 

Arc  and  ineandeficent  Arc  find  incan^lencent 
lighting,  DowsongasJ ligh I ing ,  Dow soti gsfl* 


$375 
a  23c. 

■2q2c. 

.473c. 


16.50 

.17c. 

.(MJ5c. 

.015c. 

.445e. 
|F.  A,  Wilkinson, 


Works  Cost  op  Power  —  Gas  Driven  Centbal  Station  1 

Bradfori>  Electric  Light  &  Power  Co.,  Hr afford »  Pa. 

Station  capacity  (five  engines)    ........      ...,,_. 470  kilowatta 

Number  of  yeiifs  in  operation . .  .  . ...,..,...  8.5 

Aveirage  station  load  factor  (Ul^'06) 19.09  p^r  eent 

Average  g^B  corifiuniption  per  kilowatt-hour  ('03^ W)    ■•-..*     25.5  cii.  ft^ 
ATBrage  Beat  efficiency  at  switchboard ...  14.14  per  cent 

♦  Including  '*  stand-by  '*  1o«s68. 
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Works  Cost  of  Power 

Dollars  per  year. 
Average  8  years 

Cents  per  Kilowatt  hour. 
Average  4  years 

Fuel,  gas,  including  heating 

$3,121 

3,068 

454 

848 
285 

0.307 

Station  wages 

0.410 

Oil,  waste  and  supplies 

0.054 

Running  repairs  (total) 

0.085 

Running  repairs  gas  engines 

0.034 

Total  operating  cost    

$7,776 

0.890 

Engine  repairs  —  $0.36  per  horse-power  per  year. 
57.00  per  engine  per  year. 
.75  per  cent  on  investment. 
Fuel  —  Bradford  natural  gas. 

Works  Costs  —  Gas  Power  Railway  Plant 
Warren  &  Jamestown  Street  Railway  Company 

Capacity  of  plant  (two  units)    600  kilowatts 

Average  time  operated  per  day 18.5  hours 

Average  output  per  day  4115  kilowatt  hours 

Average  load,  per  cent  rating    37  per  cent 


Works  Cost  of  Power 


Dollars  per  day 


Cents  per 
Kilowatt-hour 


Average  First  Four  Months,  1906: 

Fuel  gas 

Wages    

Oil 

Repairs  and  miscellaneous  supplies 
Total    


$12.97 

12.37 

2.63 

3.29 


0.315 
0.300 
0.064 
0.080 


$31.26 


0.759 


Fuel  —  **  Bradford  Sand  "  natural  gas. 

In  conclusion,  to  make  the  figures  in  the  above  tables  readily 
comparable  among  themselves,  the  cost  data  has  been  recom- 
puted to  the  basis  of  cost  in  cents  per  B.  H.  P.  hour  in  all  cases. 

Table  I  gives  the  total  operating  costs  for  small  and  medium 
sized  plants  as  computed  from  the  data  of  Webber  &  Clark. 
The  load  factor  is  in  all  cases  100  per  cent.  The  difference  in  the 
cost  of  steam  power  arrived  at  by  the  two  authorities  is  remark- 
able, Clark's  figures  being  less  than  50  per  cent  those  of  Webber. 
The  reason  for  this  is  found  in  two  directions,  different  assump- 
tions as  to  cost  of  coal,  $5  per  ton  as  against  $3,  and  different 
assumptions  as  to  the  coal  consumption  per  horse-power.    Webber 
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assumes  as  high  as  20  pounds  per  horse-power  for  a  6  horse-power 
plant,  and  charges  a  20  horse-power  plant  up  with  12  pounds  per 
horse-power  hour.  In  fact  Webber's  figures  are  very  liberal 
throughout  for  all  three  kinds  of  power. 

In  Table  II,  the  works  and  total  operating  costs  per  B.  H.  P.- 
hour  are  shown  side  by  side  as  computed  from  Findlay's  table. 


Table  I 
Total  Operating  Costs  per  B.  H.  P.-hoiir 


Small  and  Medium  Sized  Plants 

1 

Stttof  Pbst 

Kind 

^ 

KiadatFowv 

.ll 

1 

5    |]0    IS    30 

u\m 

3S     80|  8D 

iDO  lie 

1 

< 

i4 

^ 

Cctf  iQ  cmtfl  pet  B,  H.  R-hoar 

St€^Ta  EnjTtne . 

Coal 

100 

3080 

13,9 

6.3 

5.1 

4.7 

4J 

4.1 

4.0 

3.7 

3J 

2.8 

Webber 

Gas  Eln^ne    .  . 

lU.  Gaa  ,100  30.*^ 

8.2 

4.6 

a.g 

3.6 

3.5 

3.3 

3.2 

3.1 

2.9 

2.8 

Webber 

GasEiiitike   .. 
±^l«aiii  Engine. 

Gasoline  I00i3080 

8,5 

4.9 

3.7 

3.3 

3  J 

2.8 

2.7 

2.6 

2.4 

2.3 

Webb«f 

Coal      100  2700 

1.78 

1.26 

.98  Clark 

Ga?i  Engine   . . 

Prod.  Ga»10O;270O 

L3S 

1.04 

.SOCki^ 

IHI  Emine, 

Dkijel     .... 

Cmde  OU 

100 

2700 

1.08 

J8 

.64Ckrk 

Table  II 

Total  Operating  and  Works  Cost  per  B.  H.  P.-hour. 
Computed  from  Table  by  Mr.  L.  G.  Findiay. 
Works  costs  in  brackets. 


Factor 

Size 
of  Plant 
B.  H.  P. 

Kind  of  Power 

Hours  ID 

i>pcn»tioa 

per  day 

Steam 

Bituminous 
Producer  Gas 

Anthracite 
Producer  Gas 

Cents  per  B.  H.  P.-hour 

24 

24 
U).25 
10.25 

24 

24 
10  25 
10  25 

100 

50 
100 

50 
100 

50 
100 

50 

1000 

1000 

1000 

1000 

200 

200 

200 

200 

.39  (  .30) 
.69  (  .41) 
.53  (  .33) 
.88  (  .47) 
.76  (  .69) 

1.23  (1.10) 
.88  (  .73) 

1.44  (1.15) 

.31  (.21) 
.54  (.33) 
.46  (.22) 
.84  (.36) 
.40  (.29) 
.71  (.49) 
.59  (.33) 
1.11  (.59) 

.39  (.30) 
.67  (.49) 
.55  (.33) 
.99  (.56) 
.43  (.38) 
.86  (.66) 
.69  (.45) 
1.26  (.78) 
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The  data  from  the  Bradford  and  Jamestown  plants  and  from 
the  two  English  plants  shows  the  following  results  for  the  works 
cost  per  B.  H.  P.-hour. 


Fad 

Load 
Factor 

B.  H.  p. 
rated 

Works  Cost 
per  B.  H.  P.- 
hour  cents 

Plant 

Natural  gas 

Natural  gas 

Dowson  gas 

Dowson  gas 

19.09 
37.0 

15.25 

640 

800 

400 

2000 

.67 
.57 
.35 
.33 

Bradford 
Jamestown 
Midland  Railway 
Walthamstow 

From  these  figures,  and  those  of  Table  II,  the  conclusion 
seems  justified  that  it  should  be  easily  possible  to  produce  one 
brake  horse-power  in  a  fair  sized  plant,  say  not  under  200  horse- 
power* for  a  works  cost  of  from  .5  to  .75  cents  per  hour,  depend- 
ing upon  the  conditions  involved.  This  excludes  fixed  charges 
and  assumes  a  load  factor  in  the  neighborhood  of  50  per  cent. 
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Fundaniental  Equations  of  Thermodynamics. 
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\    Flow  and  Efflux  of  Gases. 

I     Theory  of  Hot-Air  and  Cold*Air  Engines 
Technical  Applications. .     ^^j^^^^^  ^^  InternnUCombustion  Engines 

\  (The  Otto  and  the  Diesel,) 

Contents   of  VoL   II 

Theory  of  Vapors, 

A.     Bchavmr  of  Saturated  Vapors* 

Reversible  and  Non-reversible  Changes  of  State. 

Flow  and  Efflux  of  Vapors. 
B*     Behavior  of  Superheated  Vapor. 

Characteristic  Equations. 
C,     Air  as  Liquid  and  Vapor, 

Behavior  of  Mixtures, 

Mixture  of  Air  and  Steam. 

Mixture  of  Different  Kinds  of  Vapors. 


Teclinical  Apptications. 
Theory  of  the  Vapor  Engine. 

A.     Considered  as  a  Prtmc  Mover, 

(a)  With  Saturated  Steam, 
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B*     As  a  Refrigerating  Machine. 
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Extensive  Sceam  Tables  for  Water,  Ether,  Alcohol,  Acetone,  Chloro- 
form, Chloride  of  Carbon,  Bisulphide  of  Carbon,  Ammoniai  Sulphuric  Acid 
and  Carbonic  Acid* 


THIS  treatise  has  maintained  its  leadership  with  the  German  technical 
public  for  forty  years.  It  has  molded  their  thought  and  given 
analytical  expression  to  enjjineering  Thermodynamics-  Dr.  Zeuner 
was  quick  to  see  the  necessity  of  casting  it  into  simpler  form,  and  of  bringing 
It  within  the  range  of  engineers  and  technical  students,  and  of  limiting  it  to 
their  interests.  His  presentation  combines  German  thoroughness  with 
French  elegance  and  simplicity*  In  this  Fifth  German  Edition  (just  com- 
pleted) the  author  has  brought  the  whole  subject  well  up  to  date. 

The  general  plan  of  the  work  is  to  establish  a  few  fundamental  formulas 
and  deduce  all  results  from  these.  The  author  has  the  engineer's  instinct 
to  check  everything  by  experiment,  and  he  also  has  an  engineer's  appreciation 
of  the  limitations  imposed  by  practical  conditions,  The  great  clearness  and 
simplicity  pervading  the  whole  presentation  is  largely  due  to  Dr.  Zeuner's 
own  active  and  fruitful  participation  in  the  discussion  and  experiments  con- 
nected with  the  great  questions  of  steam  and  gas  engineering  as  they  arose* 
This  participation  developed  in  him,  a  sound  sense  of  proportion  which 
enables  him  to  here  maintain  the  proper  relations  betw^een  theory,  experiment 
and  construction.  It  is  no  small  achievement  to  have  brought  this  advanced 
scientific  subject  within  the  reach  and  comprehension  of  that  wide  circle  of 
efficient  engineers  who  have  only  a  moderate  mathematical  equipment.  His 
constant  reference  to  original  sources,  his  frequent  appeal  to  experiment,  his 
many  practical  examples  with  real  engineering  data,  and  his  convenient  and 
far  reaching  formulas  and  tables  have  always  been  highly  appreciated  by  both 
the  student  and  practitioner  of  engineering.  The  independence  of  the  sev- 
eral parts  of  the  book,  the  simplicity  and  elegance  of  its  mathematical 
presentation,  its  restriction  to  technical  interests,  render  this  book  particularly 
suitable  for  study  in  engineering  schools. 
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\Vith  Many  Special  Engravings  and  Half  Xones 

Contents; — ^ Problems,  Efficiency  and  Cost  of  Plants 
Location.  General  Layout,  Coal  Storage,  Condenser  Water 
Supply.  Excavation  and  Foundations.  Steel  Work,  Arclu* 
tectural  Features,  Boilers*  Mechanical  Stokers  and  Grates. 
Coal.  Combustion,  Draught.  Smoke  Flues.  Chimneys, 
Boiler  Feed  Water,  Feed  Water  Heaten  Superheaters* 
Super-heated  Steam,  High  Pressure  Piping.  Low  Pressure 
Piping.  Prime  Movers,  Reciprocating  Engines,  Turbines* 
Condensers,  Pumping  Machinery.  Oiling  System.  Electri 
cal  Equipment,  The  Design  of  1,500  to  3^000  K.  W-  Light 
and  Power  Plants,  Testing  Power  Plants.  Pescriptive  Dis- 
cussion of  Five  Typical  American  and  European  Light  and 
Power  Plants,  Principal  Dimensions  and  Data  of  Recently 
Constructed  Light  and  Power  Plants.  Tables  per  K.  W. 
Capacity;     Series  of  Tables. 

The  present  work  is  the  result  of  the  aythor*s  extended  theoretical 
and  practical  experience  in  the  design^  erection,  and  operation  of  sEeam*electric 
power  plants  in  Europe  of  from  100  to  24,000  K,  W.  capacity,  and  in  the  United 
States  of  from  500  to  60.000  K.  W ,  normal  capacity,  during  which  time  various 
contributions  have  been  made  to  the  technical  press,  on  both  sides  of  the 
Atlantic,  and  to  technical  societies  on  this  %\xb]^ci.— Extract  fr^m  PnfmM. 
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